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Abstract
The electronic, magnetic, and thermoelectric properties of transition-metal based
compounds were investigated by using the density functional theory and Boltzmann transport
formalism. It was found that the Co-based Heusler compounds and InSe monochalcogenide are
among the materials that may be used for future thermoelectric devices. Furthermore, the
investigation showed that the quaternary Heusler compounds, such as, CoFeYGe, where Y is Ti
or Cr, are half-metallic ferromagnetic materials with full electron spin polarization. The lattice
thermal conductivity (κL) was found to decrease for these alloys as the temperature increases.
The present investigation indicated that the phonon optical modes have a major contribution to
the total κL as compared to the acoustic modes. It was also found that these compounds can be
doped as either n- or p-type thermoelectric materials. The n-type material was found to possess
higher thermoelectric efficiency as compared to the p-type. The calculations showed different
behaviors of CoFeCuZ (Z= Al, As, Ga, In, Pb, Sb, Si, Sn) quaternary Heusler compounds. Two
compounds, with Z = Al, As showed a metallic behavior, while the compounds with Z = Ga, In,
Sb, Si, and Sn showed a nearly half-metallic behavior. Only CoFeCuPb was found to exhibit a
half-metallic ferromagnetic behavior with a full electron spin polarization. The thermoelectric
power factor of CoFeCuPb is high at room temperature and increases at higher temperatures. In
addition, doping β-InSe with Bi atoms at the Se sites was found to decrease its lattice thermal
conductivity, which leads to an increase in its figure of merit.
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1

Chapter One: Introduction and motivation
The demand on energy resources is increasing rapidly due to the vast leap in technology,

which motivated scientists to search for new sources of energy. The environment is also affected
by using fossil fuels as the gas resulting from their combustion increases pollution and global
warming. Another problem regarding energy consumption is the waste heat where the
mechanical power uses only 25% of the energy [1]. Therefore, solutions to the energy problem
required the search for alternative resources that should be sustainable and renewable.
Thermoelectric generators are renewable and environmentally friendly sources of energy, which
can convert waste heat into electricity [2]. Thermoelectric materials can also be utilized for
refrigeration.
The thermoelectric devices consist of two different types of semiconductors (n and ptype) connected thermally in parallel and electrically in series. In thermoelectric generators, a
temperature gradient is applied to the thermoelectric device to diffuse carriers from the hot to the
cold side creating a voltage drop and a current flow. This phenomenon is known as the Seebeck
effect, see Figure 1 (a) [3]. In thermoelectric coolers, a temperature gradient is created when a
voltage drop is applied to the thermoelectric device causing a current flow from one end carrying
heat to the other, which is known as Peltier effect, see Figure 1 (b).
Besides converting the waste heat to electricity, the thermoelectric generator is used in
various applications such as a photovoltaic–thermoelectric hybrid device [4] and as the
radioisotope thermoelectric generators for deep-space application of NASA's spacecraft [5].
Among the variety of the transition-metal based compounds, Heusler alloys, chalcogenides, and
dichalcogenide compounds attracted the scientific interest due to their possible applications in
spintronics and thermoelectrics. Heusler alloys possess several interesting properties such as half
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metallicity, ferromagnetism [6], semiconducting [7], spin gapless semiconducting [8], shape
memory effect [9], and superconductivity [10].

Figure 1. (a) Seebeck effect thermocouple. (b) Peltier effect thermocouple.

The outline of this dissertation is as follows: Chapter 2 is devoted to the literature review,
where different structure types of Heusler alloys are discussed. These materials exhibited various
electronic properties that could be used for different types of applications. In Chapter 3, the
methodology of the density functional theory and the Boltzmann transport theory are presented.
This chapter shows how Schrödinger equation for many body systems was developed under
several approximations to be written in the final form, then the procedure to get a self-consistent
solution. Chapter 4 presents the results and discussion of the investigated materials that include
CoFeYGe (Y= Ti, Cr). Chapter 5 is devoted to the properties of the CoFeCuZ (Z= Al, As, Ga,
In, Pb, Sb, Si, Sn) quaternary Heusler compounds. Chapter 6 presents the thermoelectric
properties of the doped β-InSe monochalcogenide. Finally, chapter 7 includes the main
concluding remarks.
2

2

Chapter Two: Background

2.1 Heusler compounds
Heusler compounds have received a great deal of interest since their discovery [11].
These compounds became an important research field due to their novel properties such as high
Curie temperature [12–14] and high spin polarization [15–20] that can be utilized in different
applications like spin injectors and magnetic tunnel junctions [21–23]. Moreover, Heusler
compounds have been a subject of interest due to their promised thermoelectric properties that
can be utilized for energy harvesting in thermoelectric generators [24–27].
Full Heusler compounds have X2YZ chemical structure, where X and Y are transitional
or rare-earth metallic atoms and Z is the main group element. The valence electrons of the Y
transition-metal atom are less than the valence electrons of the X transition-metal atom. They
crystallize in L21 structure with a space group of 𝐹𝑚3̅𝑚 that consists of four interpenetrating
face centered cubic sublattices [28], see Figure 2. The inverse full Heusler compounds have the
X2YZ chemical structure, which is the same structure of the full Heusler compound, but the
valence electrons of the X atom are less than the valence electrons of Y atom. The prototype of
these compounds is Hg2TiCu that crystallize in 𝑋𝐴 or 𝑋𝛼 structure with X-X-Y-Z sequence of
atoms [29]. However, half Heusler compounds have XYZ chemical formula, where one of the
four sublattices is vacant. The crystal structure of this type of compounds is C1b with a space
group of 𝐹4̅3𝑚 [30]. The quaternary Heusler compound with the chemical formula X X`YZ is
formed by replacing one of the X transition metal atoms by another (X`) in the full Heusler
compound, where Y atom has less valence electrons than X` and the latter has less valence
electrons than X. The quaternary Heusler compound structure is Y-type with a space group of
𝐹4̅3𝑚 (#216) [31]. The presence of the partially filled d states of the transition metal atoms in
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the Heusler compounds leads to novel magnetic properties. Quaternary Heusler compounds
exhibit lower-power dissipation due to less disorder scattering resistivity as compared to
pseudoternary compounds such as Co2Fe1-xMnxZ [32].

A

B

C

D

Full Heusler

X

Y

X

Z

Half Heusler

X

Y

Quaternary Heusler

X

Y

X`

Z

Inverse Heusler

X

X

Y

Z

Z

Figure 2. The different structures of the Heusler compounds [33].

The electronic structure of the Heusler compounds is sensitive to the applied pressure. A
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slight change in the lattice constant may lead to a transition from a half-metallic to a metallic
behavior or an enhancement in the half-metallicity of nearly half-metallic structures due to a shift
of Fermi level to the middle of the gap [34–36].
The electronic and magnetic properties depend on the structural configuration of the
crystal where the different atomic order for the same compound exhibit different electronic and
magnetic properties [32]. Figure 3 presents the schematics of the density of states for various
Heusler compounds. The band structure of several Heusler compounds was found to be different
than the metals and the semiconductors, where the band structure of one spin channel behaves as
a metal, and the other spin channel possesses a semiconducting behavior [34,37]. This behavior
is known as half-metallic ferromagnetic (HMF). These compounds could be spin gapless
semiconductors where, in addition to the gap in one spin channel, there is a zero band gap in the
other spin channel across the Fermi level (Ef) [3]. The half metallicity and the spin gapless
properties made Heusler compounds good candidates for spintronic devices [17].

Figure 3. Schematics of the density of states for (a) metallic, (b) semiconductor, (c) HMF, and
(d) spin gapless semiconductor [16].

The half-metallic ferromagnetism results in a high spin polarization. The electronic

5

properties can be described by the spin polarization at Fermi energy. The spin polarization (P) is
expressed as follows [38]:

P=

ρup (EF )-ρdn (EF )
ρup (EF )+ρdn (EF )

×100%

(Equation 1)

where ρup (EF ) and ρdn (EF ) are the spin up and spin down density of states at the 𝐸𝐹 , respectively,
where P = 100% represents a complete half-metallicity that corresponds to a zero density of states
in either spin up or spin down channels. Slater-Pauling rule represents the relation between the
valence electrons concentration and the total spin magnetic moment. It is well known that Heusler
compounds follow this rule [8,39,40], where it is used to predict the total spin magnetic moment
of the compound. The Slater-Pauling rule is given by:
𝑀𝑡𝑜𝑡 = (𝑍𝑡𝑜𝑡 − 2𝑁↓ )𝜇𝐵

(Equation 2)

Here 𝑀𝑡𝑜𝑡 is the total magnetic moment, and 𝑍𝑡𝑜𝑡 and N↓ are the number of the total valence
electrons and the spin-down valence electrons, respectively.
The thermoelectric efficiency of the materials can be measured by the dimensionless
figure-of-merit:
ZT=S2σT/(κL+ κe)

(Equation 3)

where S is the Seebeck coefficient, σ is the electrical conductivity, and κL and κe are the lattice
and electronic thermal conductivities, respectively [41]. A large ZT value means a higher
conversion efficiency of the thermoelectric material. There is no limit to the value of the ZT as
shown in Equation 3. The ZT value could be increased by increasing Seebeck coefficient or
electrical conductivity or by decreasing the lattice thermal conductivity. However, increasing the
6

electrical conductivity leads to an increase in the electronic thermal conductivity. Therefore, the
best thermoelectric materials have ZT ≈ 1. It is well known that the thermoelectric properties
depend on the electronic structure. A decrease in the effective mass or a decrease in the carrier
concentration lead to an increase in the Seebeck coefficient of the material according to the
following equation:
S=

8π2 k2B T
3eh2

m* (

π 2/3
)
3n

(Equation 4)

where k𝐵 , e, h, m* and n are Boltzmann constant, electronic charge, Planck’s constant, effective
mass, and carrier concentration. In addition, high mobility (μ) and small band gap increase the
electrical conductivity according to the following relation [42]:
σ = neμ

(Equation 5)

The best thermoelectric material has low lattice and thermal conductivity and high S and
σ values, which lead to high power factor (PF):
PF = S2σ

(Equation 6)

The thermopower (Seebeck coefficient) of the materials, is an intrinsic property, which
can be defined as the ratio of the voltage developed to a 1 K temperature difference (∆𝑉/∆𝐾).
The Seebeck coefficient of metals is found to be very low where most metals exhibit less than 10
μV K-1 [43]. In addition, the ratio of the electrical to the thermal conductivity at any temperature
is constant. These two aforementioned properties lead to low ZT values in metals.
Semiconductors, however, have higher values of the power factor than metals [44], which is
preferred for thermoelectric material [44,45]. The n-type (p-type) material refers to the negative
(positive) Seebeck coefficient. The Seebeck coefficient for different carrier types is expressed
7

according to the following formula [46]:

𝑆≈

(𝑆𝑛 𝜎𝑛 + 𝑆𝑝 𝜎𝑝 )
(𝜎𝑛 + 𝜎𝑝 )

(Equation 7)

where 𝑛 (𝑝) refers to the n-type (p-type) materials, where the charge carriers are either electrons
or holes. In the Boltzmann equation, it is difficult to estimate the charge carrier scattering
relaxation time due to the complex scattering mechanism that involves defect, phonon, and
carrier scattering. Therefore, constant relaxation time approximation is a good approach that has
been used for most materials to evaluate the transport properties [47]. The figure of merit can be
written as:
ZT = (S2σT/κe)*( κe /(κL+ κe))

(Equation 8)

where ZTe = (S2σT/κe) is independent of the relaxation time and it is the upper limit of the ZT
value. At high temperatures, κe value is higher than κL which makes (κe/(κL+ κe) ≈ 1, thus ZTe is a
good approximation to the value of the ZT at high temperature [26]. However, at low
temperatures, the value of κe is low and the κL value is dominant.
Heusler compounds became a good competitor as thermoelectric materials due to the
high Curie temperatures and narrow band gaps. They also have high Seebeck coefficient and
electrical conductivity that corresponds to high thermoelectric power factor [13,27,48,49]. The
ZT values of some Heusler compounds are close to those of the cutting edge thermoelectric
materials [27,50].

2.2 Chalcogenides
Layered metal chalcogenide materials received extensive attention in thermoelectric
8

applications. Among these materials are indium selenides, which are promising as thermoelectric
materials due to their tunable electronic structure and low thermal conductivity [51]. Indium
selenides can be crystallized in different structures such as In4Se3, In2Se3, InSe, and In6Se7. InSe
semiconductor is formed by covalently bonded layers and weak van der Waals forces that hold
layers together. They can be crystallized in two different structures, hexagonal β-InSe and
rhombohedral α-InSe [52,53]. The low carrier concentration of InSe has motivated researchers to
dope it with other elements to enhance its thermoelectric efficiency.

2.3 Literature review
Most of the theoretical studies of full- and half-Heusler compounds were devoted to the
electronic and magnetic electronic transport properties. Among the different types of Heusler
compounds, full-Heusler compounds were the most studied structures. Cobalt-based full-Heusler
compounds have attracted much attention due to their half-metallic behavior and high Curie
temperatures [54]. Recently, more attention was drawn to quaternary Heusler compounds. Some
of these compounds have shown promising properties for spintronic devices and thermoelectric
applications [8,55–57]. Some of these compounds such as CoFeMnSi, CoFeCrAl, CoMnCrSi,
CoFeVSi, and FeMnCrSb have shown a spin gapless semiconducting behavior [58]. Moreover,
ab initio electronic structure calculations have shown a half-metallic ferromagnetic for
CoFeMnZ (Z = Al, Ga, Si, or Ge) compounds with high Curie temperatures [32]. Kundu et al.
predicted high a Curie temperatures and a half-metallic behavior for CoTcMnSi and CoRhMnSi
compounds [48]. In addition, Heusler compounds have been intensively investigated for their
promising properties as good thermoelectric materials that can be utilized for energy harvesting
and refrigeration [24,26,59]. Bhat and Gupta investigated the thermoelectric properties of
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CoMnTiAl and FeMnTiAl quaternary Heusler compounds and predicted Seebeck coefficient
values of 31 and 20 μV K-1, respectively [57]. Figure 4 shows the thermoelectric efficiency of
different materials.

Figure 4. The figure of merit versus temperature of thermoelectric materials [50].

Cobalt-based Heusler compounds have shown a linear relationship between the Curie
temperature and the concentration of the valence electrons [38]. It is found that the value of the
Curie temperature is the highest for compounds with a large number of valence electrons.
Experimental synthesis showed that Co2FeSi possesses the highest Curie temperature of 1100 K
among other alloys with a total spin magnetic moment of 6 μB [60]. These results were in good
agreement with the theoretical investigation using ab initio calculations [61,62]. Block et al.
found a magnetoresistive effect of 30% for the Co2Cr0.6Fe0.4Al half-metallic compound at 300 K
and 0.1 T, which demonstrates that this material is a good candidate to be used as a magnetic
sensor.
10

3

Chapter Three: Method of calculations

3.1 Schrödinger equation
The time dependent Schrödinger equation that describes a many body system is given by
the following general form:

iℏ

∂Φ(r, R, t)
ℏ2
= − ∇2 Φ(r, R, t) + VΦ(r, R, t)
∂t
2μ

(Equation 9)

where ℏ is the reduced Planck constant, Φ(r, R, t) is the wavefunction of the ions and electrons,
μ is the reduced mass, V is the potential, r and R are electron and nuclei coordinates. In this
work, the energy was independent of time. Hence, separation of variables was used to write
Φ(r, R, t) as follows:

Φ(r, R, t) = Φ(r, R)𝜑(𝑡)

(Equation 10)

Therefore, the time independent Schrödinger equation can be given by:

̂ Φ(r, R) = 𝐸Φ(r, R)
𝐻
̂ = ̂Te +T̂ N +V
̂ ee +V
̂ eN +V
̂ NN
H

(Equation 11)
(Equation 12)

̂ is the Hamiltonian operator, which is the sum of the kinetic energy
where E is the energy and H
̂ ee),
of an electron (T̂ e ) and the nuclei (T̂ N ) and the potential energy of electron-electron (V
̂ eN ), and nucleus-nucleus (V
̂ NN ) interactions. These terms can be expressed as
electron- nucleus (V
follows:
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𝑁𝑒

ℏ2
T̂ e = −
∑ ∇2𝑖
2𝑚𝑒

(Equation 13)

𝑖=1
𝑁

ℏ2
̂
𝑇𝑁 = −
∑ ∇2𝑁
2𝑀𝑁

(Equation 14)

𝑁=1

𝑉̂𝑒𝑒 = ∑
𝑖>𝑗

𝑒2
|𝒓𝑖 − 𝒓𝑗 |

𝑉̂𝑒𝑁 = − ∑
𝑖,𝐼

𝑉̂𝑁𝑁 = ∑
𝐼>𝐽

𝑍𝐼 𝑒 2
|𝑹𝐼 − 𝒓𝑗 |

𝑍𝐼 𝑍𝐽 𝑒 2
|𝑅𝐼 − 𝑅𝐽 |

(Equation 15)

(Equation 16)

(Equation 17)

where 𝑚𝑒 and 𝑀𝑁 are the mass of the electron and the nucleus, respectively, e is the electron
charge, and 𝑍 is the charge of the nucleus. It is extraordinarily complicated to solve Equation 3
exactly using the Hamiltonian of Equation 12 for many body problems. However, it can only be
solved for simple problems like the hydrogen atom. Therefore, some approximations are required
to tackle this problem.

3.2 Born-Oppenheimer approximation
The Born-Oppenheimer approximation suggested decoupling the motion of the electronic
and nuclei due to the large difference between their masses, which leads to writing Φ(r,R) as
[63].
Φ(r,R) = Ψ(r)φ(R)
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(Equation 18)

where Ψ(r) and φ(R) represent electronic and nuclei wavefunctions, respectively. Also, it is
̂ NN .
assumed that the position of the nuclei is fixed, which means neglecting the terms T̂ N and V
Hence, the Hamiltonian can be written as:
̂𝑒 = ̂Te +V
̂ ee +V
̂ eN
𝐻

(Equation 19)

̂ e represents the Hamiltonian of the electronic part. Therefore, the total ground state
where H
energy (E0) is given by:

𝐸0 = < Ψ0 |𝐻𝑒 |Ψ0 > +𝑉𝑁𝑁

(Equation 20)

where Ψ0 is the electronic ground state wavefunction. Equation 20 is still hard to solve for a
system involving many particles due to a large number of electrons. There are two
approximation methods used to solve this problem. The first method is the Hartree-Fock and the
other is the density functional theory.

3.3 Hartree-Fock Approximation
In 1928, Hartree proposed that the electron is affected by an average potential of the
electrons and the nucleus [64]. To solve the Schrödinger equation using this potential, Hartree
assumed that the wavefunction of a system is a product of the single particle wavefunctions ϕi(i).

Ψ(1, … , N) = ϕ1 (1)ϕ2 (2)ϕ3 (3) … ϕ𝑁 (𝑁)

(Equation 21)

Here, ϕ𝑖 (𝑖) depends on position and spin of electron number (i). The fermions such as electrons
have half-integral intrinsic spin. The wavefunction of these particles should follow the Pauli
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exclusion principle where no two electrons have the same quantum numbers. However, the
Hartree wavefunction is anti-symmetric due to the lack of describing electron-electron
interactions. To tackle this problem and letting the wavefunction change the sign when two
electrons are exchanged, Hartree-Fock used a single Slater determinant to write the total
wavefunction of many particle systems as follows:

ϕ1 (1) ϕ1 (2) … ϕ1 (𝑁)
ϕ (1) ϕ2 (2) … ϕ2 (𝑁)
Ψ(1, … , 𝑁) =
| 2
|
⋮
⋮
⋱
√𝑁𝑖
ϕ𝑁 (1) ϕ𝑁 (2) … ϕ𝑁 (𝑁)
1

(Equation 22)

where the number in the parentheses refers to the number of the electron and the subscript is the
eigenstate. Now, the Pauli exclusion principle is satisfied in Equation 22, where the interchange
of any two electrons results in changing the sign of the wavefunction. Also, if two electrons have
same quantum state, the wavefunction becomes zero. One can notice that the Hartree-Fock
wavefunction includes an exchange term that is absent from the Hartree solution, where the new
term could minimize the ground state energy to get best possible approximation to the exact
energy. The Hartree-Fock wavefunction of one electron ϕi(r) given by:

(−

ℏ2 2
∇ + 𝑉𝑒𝑓𝑓 (𝑟)) 𝜙𝑖 (𝑟) = 𝜀𝑖 𝜙𝑖 (𝑟)
2𝑚

(Equation 23)

where 𝑉𝑒𝑓𝑓 is the effective potential that includes electron-electron (𝑉𝑒𝑒 ), electron-ion (𝑉𝑒𝑁 ), and
exchange (𝑉𝑥 ) potentials respectively.

𝑉𝑒𝑒 (𝑟) = −
14

𝑍𝑒 2
|𝑟⃗|

(Equation 24)

2

|𝜙𝑗 (𝑟⃗2 )|
𝑉𝑒𝑁 (𝑟) = 𝑒 2 ∑ ∫
𝑑𝑟⃗
|𝑟⃗1 − 𝑟⃗2 | 2

(Equation 25)

𝑖≠𝑗

𝑉𝑥 (𝑟) = −𝑒 2 ∑ ∫
𝑗,𝑖≠𝑗

𝜙𝑗 (𝑟⃗2 )∗ 𝜙𝑖 (𝑟⃗2 )
𝑑𝑟⃗2
|𝑟⃗1 − 𝑟⃗2 |

(Equation 26)

The Hartree-Fock approximation is useful for atoms and molecules. However, it is
computationally expensive and less accurate for solids that involve a large number of electrons.

3.4 Density Functional Theory
The idea to reduce many-body wavefunction to one body density started in 1927 when
Thomas and Fermi proposed a method to write the total energy (Etot) of the system as a
functional of the one-electron density 𝜌(𝑟⃗) [65].

2

5
3(3π2 )3
ρ(r⃗) 3
1
ρ(r⃗1 ) ρ(r⃗2 ) 3
[ρ(r
)]
Etot ⃗ =
∫ ρ(r⃗)3 d3 ⃗r - Z ∫
d ⃗r + ∫ ∫
d ⃗r1 d3 ⃗r2 (Equation 27)
|r
|
10
r
2
⃗1 -r⃗2

where one electron density is normalized to the total number of electrons (𝑁).

∫ 𝜌(𝑟⃗) 𝑑 3 𝑟⃗ = 𝑁

(Equation 28)

Later Hohenberg and Kohn introduced the basic formulation of the density functional
theory which states that the total electronic energy is a functional of the electron density [66].
This electron density can be used to determine the properties of the system such as the
wavefunction and the energy. Therefore, instead of dealing with the wavefunction of 3N
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variables, the dimensionality is reduced by solving the electron density which only consists of
three spatial variables. Hohenberg and Kohn defined the functional as the electron density which
minimizes the total electronic energy and it represents the solution of the ground state
Schrödinger equation [66]. The ground-state total energy functional according to Hohenberg and
Kohn theorems is:
Etot [ρ(r⃗)] = 𝐹𝐻𝐾 [ρ(r⃗)] + ∫ ρ(r⃗) 𝑉𝑒𝑁 (r⃗) 𝑑𝑟⃗

(Equation 29)

where FHK [ρ(r⃗)] is the Hohenberg-Kohn functional and it is the sum of the exact kinetic T[ρ(r⃗)]
and electron-electron potential V[ρ(r⃗)] energy functionals.

𝐹𝐻𝐾 [ρ(r⃗)] = 𝑇[ρ(r⃗)] + 𝑉[ρ(r⃗)] = 𝑇0 [ρ(r⃗)] + 𝑉𝐻 [ρ(r⃗)] + 𝑉𝑥𝑐 [ρ(r⃗)] (Equation 30)

where 𝑇0 [ρ(r⃗)], 𝑉𝐻 [ρ(r⃗)] are the kinetic of non-interacting particles and Hartree potential energy
functionals, 𝑉𝑥𝑐 [ρ(r⃗)] is the exchange correlation energy functional which is defined by the sum
of the exchange 𝑉𝑥 [ρ(r⃗)] and the correlation 𝑉𝑐 [ρ(r⃗)] potentials. The exchange potential is
included in the Hartree-Fock solution, but it is missing from the total energy of the Hartree
solution.

𝑉𝑥 = 𝐸𝐻𝐹 − 𝐸𝐻

(Equation 31)

The correlation potential is missing in the total energy of Hartree-Fock solution, but it is
included in the exact total energy.

𝑉𝑐 = 𝐸𝑒𝑥𝑎𝑐𝑡 − 𝐸𝐻𝐹
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(Equation 32)

One can write the total energy functional as follows:

𝐸𝑡𝑜𝑡 [𝑛(r⃗)] = 𝑇0 [𝑛(r⃗)] + 𝑉𝐻 [𝑛(r⃗)] + 𝑉𝑥𝑐 [𝑛(r⃗)] + 𝑉𝑒𝑁 [𝑛(r⃗)]

(Equation 33)

Equation 33 cannot be solved, because the exchange-correlation energy functional form
is still unknown. Kohn and Sham proposed that the electron density can be written in terms of a
set of wavefunctions where each wavefunction is only representing a single electron [67].
Therefore, the ground electron density is defined as the sum over the occupied states of the
Kohn-Sham orbitals (ψi).

𝑜𝑐𝑐𝑢.

𝑛(r⃗) = ∑ 𝜓𝑖∗ (r⃗) 𝜓𝑖 (r⃗)

(Equation 34)

𝑖=1

Thus, the Kohn-Sham equation as represented in Equation 34 is a solution of a single
electron ground state wavefunctions only.
(𝑇 + 𝑉𝑒𝑓𝑓 )𝜓𝑖 = 𝐸𝑖 𝜓𝑖

(Equation 35)

𝑉𝑒𝑓𝑓 = 𝑉𝑒𝑁 + 𝑉𝐻 + 𝑉𝑥𝑐

(Equation 36)

𝑉𝑒𝑁 = −

1
𝑍𝑛 𝑒 2
∑
4𝜋𝜀0
|𝑟⃗𝑖 − 𝑅⃗⃗𝑛 |

(Equation 37)

𝑛=1

𝑛(r⃗𝑗 )𝑒 2
1
𝑉𝐻 =
∫
𝑑𝑟⃗
4𝜋𝜀0 |𝑟⃗𝑖 − 𝑟⃗𝑗 | 𝑗
𝑉𝑥𝑐 =

𝛿𝑉𝑥𝑐 [𝑛(r⃗)]
𝛿𝑛(r⃗)

(Equation 38)

(Equation 39)

Therefore, for the set of atoms {𝑅1 , … , 𝑅𝑛 }, the total ground state energy is expressed by:
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1
𝐸𝑡𝑜𝑡 (𝑅1 , … , 𝑅𝑛 ) = ∑ 𝐸𝑖 − 𝐸𝐻 [𝑛0 (r⃗)] + 𝐸𝑥𝑐 [𝑛0 (r⃗)]
2
− ∫ 𝑉𝑥𝑐 𝜌0 𝑑𝑟⃗ + 𝑉𝑁𝑁 (𝑅1 , … , 𝑅𝑛 )

(Equation 40)

The density functional theory became a practical method by using Kohn and Sham
quations to evaluate ground state density. It is used widely in physics and chemistry to describe
the electronic structure of atoms, molecules, and bulk materials.

3.5 Exchange-correlation energy approximations
The accuracy of the ground state energy calculated by density functional theory depends
on defining the exchange-correlation functional. There are several approximations to estimate the
exchange-correlation energy, but the most widely used is local density approximation (LDA)
[67] and generalized gradient approximation (GGA) [68]. There are more advanced exchangecorrelation functionals such as hybrid functionals where part of Hartree-Fock exchange potential
is included in these functionals.

3.5.1 Local density approximation (LDA)
In this approximation, a constant density of a homogeneous electron gas is used to
represent the electron density of a system as follows:

ELDA
⃗) ϵxc (n(r⃗)) 𝑑𝑟⃗
xc = ∫ n(r

(Equation 41)

In the LDA approximation, ϵxc (n(r⃗)) is separated to exchange and correlation parts
ϵxc (n(r⃗)) = ϵx (n(r⃗))+ ϵc (n(r⃗))
18

(Equation 42)

The exchange term can be solved analytically and the correlation term is obtained using
quantum Monte-Carlo simulations [69]. It should be noted that the electron density of a practical
system is not uniform. Therefore, this approximation is only useful for systems with a slowly
varying density.

3.5.2 Generalized gradient approximation (GGA)
To improve LDA, the new approach for exchange correlation functional is to include the
gradient of the electron density as well as the uniform electron density.
E𝐺𝐺𝐴
⃗) ϵx (n(r⃗))F(|∇n(r⃗)|) 𝑑𝑟⃗
xc = ∫ n(r

(Equation 43)

This new approximation is called generalized gradient approximation (GGA) which
works fine for solids. There are different methods to evaluate GGA. The most widely used is
Perdew-Burke-Ernzerhof (PBE) [68] and PBE-sol [70].

3.6 Self-consistent solution
Equations 38 and 39 show that Hartree and exchange-correlation potentials are electron
density dependent. To obtain electron density, the single-particle wavefunction should be solved.
However, these wavefunctions can be obtained by solving Khon-Sham equations. The selfconsistent procedure is used to solve this problem. First, the initial electron density is guessed to
find the single-particle wavefunctions by solving Khon-Sham equations. Then, a new electron
density is defined using the calculated single-particle wavefunctions. If the new electron density
is equal to the initial electron density, the ground state energy can be calculated. In case the two
densities are not equal, then a new updated initial electron density is used to start the process
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again. This iteration is continued until the difference between the initial and the output electron
density is equal to the convergence criteria. Figure 5 shows the process of the self-consistent
procedure.

Figure 5. Flowchart of the self-consistent loop in DFT calculations.

3.7 Boltzmann Transport Theory
The Boltzmann transport equation gives a description of how the electrons or holes
distribute when a thermal gradient or external field is present. At equilibrium, fermions
(electrons) obey to Fermi-Dirac distribution function (𝑓0 (𝜀)):
20

𝑓0 (𝜀) =

1
𝜀(𝑘) − 𝜇(𝑟)
1 + 𝐸𝑋𝑃 (
)
𝜅𝐵 𝑇(𝑟)

(Equation 44)

where 𝜀, 𝜇, 𝜅𝐵 , and 𝑇 are electron energy, chemical potential, Boltzmann constant, and absolute
temperature. The distribution function does not change when there is no external perturbation.
However, under external effects such as a temperature gradient, the position and momentum of
electrons are changed at different times. An exact solution of the Boltzmann transport equation is
complicated. Therefore, relaxation time approximation is adopted [71].

f-f
∂f
=- 0
∂t
τ

(Equation 45)

Equation 45 shows that the perturbed distribution function (f) will return to its
equilibrium distribution after the external perturbation has vanished. According to this
approximation, the electrical conductivity (σ), electronic thermal conductivity (ke), and Seebeck
coefficient (S) are given in the following equations:

𝜎𝛼𝛽 (𝑇; 𝜇) =

𝑘𝛼𝛽 (𝑇; 𝜇) =

𝑆𝛼𝛽 (𝑇; 𝜇) =

1
𝑒 2 TΩ

𝜕𝑓𝜇 (𝑇; 𝜖)
1
∫ 𝜎̅𝛼𝛽 (𝜀) [−
] d𝜀
Ω
𝜕𝜀
∫ 𝜎̅𝛼𝛽 (𝜀)(𝜀 − 𝜇)2 [−

1
𝑒TΩ𝜎𝛼𝛽 (𝑇; 𝜇 )

𝜎̅𝛼𝛽 (𝜀) =

𝜕𝑓𝜇 (𝑇; 𝜖)
] d𝜀
𝜕𝜀

∫ 𝜎̅𝛼𝛽 (𝜀)(𝜀 − 𝜇) [−

𝜕𝑓𝜇 (𝑇; 𝜖)
] d𝜀
𝜕𝜀

𝛿(𝜀 − 𝜀𝑖,𝑘⃗⃗ )
𝑒2
⃗⃗ ) 𝑣𝛽 (𝑖, 𝑘
⃗⃗ )
∑ 𝜏 𝑣𝛼 (𝑖, 𝑘
𝑁𝑘
𝑑𝜀

(Equation 46)

(Equation 47)

(Equation 48)

(Equation 49)

𝑖,⃗⃗⃗⃗
𝑘

Here, 𝛼 and 𝛽 are tensor components, Ω, 𝑣, 𝑁𝑘 are the chemical potential, the unit cell volume,
the electron group velocity, and number of K points, respectively.
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Chapter Four: CoFeYGe (Y = Ti, Cr) quaternary Heusler compounds

4.1 Introduction
Quaternary Heusler alloys are a class of Heusler compounds that consist of four different
atoms in the unit cell with a space group of F43m (#216). The chemical formula is XX0YZ,
where X, X0, and Y are transition metal atoms and Z is a metalloid atom. Usually, the structure is
stable when the number of valence electrons of the X atom is larger than those of X0 and Y
atoms and the number of valence electrons of Y atom is less than that of X0 [55]. Quaternary
Heusler compounds could be crystallized in one of the three different types of crystal structures
namely Y-type structures as shown in Table 1 and Figure 6.
Table 1. The three different types of crystal structure of the quaternary Heusler compounds.
Type
4a
4c
4b
4d
(0, 0, 0)

(¼, ¼, ¼)

(½, ½, ½)

(¾, ¾, ¾)

Y-type-I

X

X0

Y

Z

Y-type-II

X

Y

X0

Z

Y-type-III

X0

X

Y

Z

Figure 6. The three different types of the primitive cell of the quaternary Heusler compounds.
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These compounds show interesting properties such as half-metallic ferromagnetic, spin
gapless semiconductor, high Curie temperature, and good thermoelectric properties [8,12,55–57].

4.2 Details of the calculations
The calculations were performed using the spin-polarized density functional theory as
implemented in VASP code along with the projector augmented wave (PAW) method [72,73].
The generalized-gradient approximation was considered using Perdew-Burke-Ernzerhof (PBE)
scheme as an exchange-correlation potential [68]. The plane-wave cut-off energy and energy
tolerance were set to 500 eV and 10-7 eV, respectively, with Γ-centered k-point mesh of
24×24×24 in the Brillouin zone integrations. A mesh of 28×28×28 k-points was employed for
non-self-consistent calculations. The stress-strain relationship was used for obtaining elastic
constants [74]. The structures were fully relaxed with a force tolerance of 1×10-6 eV Å-1. A
supercell of 4×4×4 was used for the calculations of thermodynamics properties, phonon
properties, second order force constants, and third order force constants. Third-order harmonic
interatomic force constants were obtained by thirdorder.py script. Based on Boltzmann transport
theory for phonons, the lattice thermal conductivity (κL) was calculated by ShengBTE code [75].
A mesh of 28×28×28 q-points was employed for κL calculations. Further increasing the q-points
mesh resulted in negligible change in κL. Boltzmann transport theory was performed by
BoltzTrap code to calculate transport properties with constant relaxation time approximation
[76]. The relaxation time of 10-14 s was assumed to calculate ZT which is widely used for
semiconductors [77].

4.3 Structural properties
The structure of CoFeYGe (Y = Ti, Cr) quaternary Heusler compounds could have one of
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the three structure types, see Table 1. Therefore, all the types were investigated, and the ground
state energies were compared. Among the three structures, Y-type-I was found to be the most
stable structure. The optimized lattice parameters are given in Table 2, which are in excellent
agreement with other theoretical works [36,78]. The optimized lattice parameter of CoFeCrGe
exhibited good agreement with the experimental value reported by Enamullah et al. [79].
The mechanical stability of CoFeYGe (Y = Ti, Cr) was investigated by performing the
Born-Haung criteria for cubic structure, which are given as:

(C11 -C12 )/2 > 0

(Equation 50)

(C11 + 2C12 )/3 > 0

(Equation 51)

C44 >0

(Equation 52)

Here C11 , C12 , and C44 represent the three independent elastic constants, which are presented in
Table 2. The values of the elastic constants satisfy the Born-Haung criteria. Therefore, Y-type-I
structure of CoFeYGe (Y = Ti, Cr) quaternary Heusler compounds are mechanically stable. The
bulk modulus (B), and shear modulus (G), Young’s modulus (E), Poisson’s ratio (ν), Pugh’s ratio
(B/G), and anisotropy factor (A) are given in Table 2.
The mechanical properties were investigated using the calculated elastic constants as
described by the following equations:
B = (C11 +2C12 ) / 3

(Equation 53)

𝐺 = (𝐺𝑉 + 𝐺𝑅 )/2

(Equation 54)

𝐺𝑅 = (5C44 (C11 − C12 ))⁄4C44 + (C11 − C12 )
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(Equation 55)

𝐺𝑉 = (C11 − C12 + 3C44 )/5

(Equation 56)

where 𝐺𝑅 is Reuss’s shear modulus and 𝐺𝑉 is Voigt’s shear modulus.
𝐸 = 9𝐵𝐺 ⁄(3𝐵 + 𝐺)

(Equation 57)

𝜈 = (3𝐵 − 2𝐺)⁄2(3𝐵 + 𝐺)

(Equation 58)

𝐴 = 2C44 ⁄(C11 − C12 )

(Equation 59)

Table 2. Lattice constant a (Å), elastic constants Cij (GPa), bulk modulus B (GPa), Young’s
modulus E (GPa), isotropic shear modulus G (GPa), Poisson’s ratios ν, anisotropy factor A,
Pugh’s ratio B/G, and the melting temperature Tmelt (K) of CoFeYGe (Y = Ti, Cr) quaternary
Heusler compounds [80].
Type

a

C11

C12

C44

B

E

G

ν

A

B/G

Tmelt

CoFeCrGe

5.71

354.08

141.92

66.99

212.64

171.26

63.23

0.366

0.62

3.36

2584

197.81

74.05

0.337

0.76

2.72

2484

5.77a)

215.17c)

5.71b)
CoFeTiGe

5.81

328.45

138.62

71.10

201.89

5.81d)
a)

Ref.[79] Experimental; b)Ref.[36] Theoretical; c)Ref.[36] Theoretical; d)Ref.[78] Theoretical

The value of the bulk modulus of CoFeCrGe quaternary Heusler compound is in
agreement with a previous theoretical result, see Table 2. The value of the bulk modulus of
CoFeTiGe is smaller than that of CoFeCrGe, which indicates that the latter compound has a
higher resistance to compression. Nevertheless, E and G are smaller for CoFeCrGe than that of
CoFeTiGe. This means CoFeTiGe compound is stiffer and the shear force causes larger lateral
deformation.
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Poisson’s ratio is the transverse extension to the axial contraction. The value of Poisson’s
ratio of CoFeTiGe is higher than that of CoFeCrGe. The anisotropy factor could indicate the
anisotropic elastic behavior if the value of A is not unity. Both CoFeCrGe and CoFeTiGe possess
a value of A less than one. The Pugh’s ratio determines the ductile or brittle nature of a material
where it is ductile (brittle) if greater (less) than 1.75 [81]. Table 2 shows that the Pugh’s ratios of
CoFeCrGe and CoFeTiGe compounds are 3.36 and 2.72, respectively. Hence, these compounds
are ductile.
The melting temperature could be estimated using an empirical relation as follows:

Tmelt = 607+9.3×B±555

(Equation 60)

Equation 60 indicates that the material with higher bulk modulus has higher melting temperature
as shown in Table 2.

4.4 Electronic properties
The spin polarized band structure was calculated along the high symmetry paths of the
first Brillouin zone for CoFeYGe (Y = Ti, Cr) quaternary Heusler compounds. It was found that
CoFeYGe (Y = Ti, Cr) alloys have half-metallic behavior as shown in Figure 7. The bands of the
majority-spin cross the Fermi energy level and, thus, possesses a metallic behavior, while the
minority-spin band structure shows a semiconducting gap.
The electron spin polarization of CoFeYGe (Y = Ti, Cr) quaternary Heusler compounds
was calculated at the Fermi energy using Equation 1. CoFeYGe (Y = Ti, Cr) quaternary Heusler
compounds show 100% electron spin polarization due to the absence of minority spin density of

26

states at 𝐸𝑓 . Therefore, these compounds are promising materials for spintronic applications [82].
The valence band maximum (VBM) and the conduction band minimum (CBM) are located at Γ
and X high symmetry points, respectively, and the Fermi energy is near VBM. Thus, CoFeCrGe
and CoFeTiGe exhibit an indirect band gap of 0.412 eV and 0.383 eV, respectively, in the
minority-spin channel. These values are in agreement with other studies as shown in Table 3.

Figure 7. The spin resolved band structure of (a) CoFeCrGe and (b) CoFeTiGe quaternary
Heusler compounds for the first Brillouin zone. The majority (minority) spin channel band
structure is represented by dotted (solid) lines [80].

Table 3. Minority spin channel energy gap (Eg) of CoFeYGe (Y = Ti, Cr) compounds [80].
Compound
Eg [eV]
CoFeCrGe

0.412
0.481a)

CoFeTiGe

0.383
0.424b)

a)

Ref.[79] Theo.; b)Ref.[78] Theo.
27

4.5 Magnetic properties
The calculated local and total magnetic moments under the equilibrium lattice constant of
CoFeYGe (Y = Ti, Cr) compounds are given in Table 4. CoFeCrGe compound shows a
ferromagnetic material with total magnetic moment of 3.0 μB, whereas CoFeTiGe exhibits a
ferrimagnetic behavior with total magnetic moment of 1.0 μB. The major contribution of the total
magnetic moment of CoFeCrGe (CoFeTiGe) comes from the local magnetic moments of Fe and
Cr (Co) atoms. The metalloid atom (Ge) exhibits a negligible contribution to the total magnetic
moment. Slater-Pauling rule could indicate the half-metallicity of material using its total
magnetic moment, where the integer value of total magnetic moment refers to half-metallic
behavior. The Slater-Pauling rule of CoFeYGe (Y = Ti, Cr) compounds is given by the following
equation:

(Equation 61)

𝑀𝑡𝑜𝑡 = (𝑍𝑡𝑜𝑡 − 24)𝜇𝐵

where, 𝑀𝑡𝑜𝑡 is the total magnetic moment and 𝑍𝑡𝑜𝑡 is the accumulated number of valence
electrons.
Table 4. The total (mtotal) and local (mX) magnetic moments of CoFeYGe (Y = Ti, Cr)
compounds [80].
Compound
mCo [μB]
mFe [μB]
mY [μB]
mGe [μB]
mtotal [μB]
CoFeCrGe

1.01

0.19

1.83

-0.04

3.00
3.00a)

CoFeTiGe

0.55

0.69

-0.23

-0.01

1.00

0.56 b)

0.72 b)

-0.32 b)

0.04 b)

1.00 b)

a)

Ref.[79] Theo.; b)Ref.[78] Theo.
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4.5 Thermodynamics properties
Investigating the thermodynamic properties of a material is essential before adopting it in
thermoelectric applications. Therefore, quasi-harmonic approximation (QHA) was performed
using Phonopy code [83]. This method proved to be a good scheme for the calculations at
temperatures lower than the melting point of a material to estimate different thermodynamic
parameters, such as the change of volume and bulk modulus as a function of temperature and the
thermal expansion coefficient [83].
Since the Curie temperature of CoFeCrGe is 866 K, the thermodynamic parameters of
CoFeYGe (Y = Ti, Cr) compounds were investigated from 0 K to 850 K under equilibrium
lattice constant. The ratio of the volume at a given temperature to the volume at 0 K (V/V0) as a
function of the temperature is shown in Figure 8. For temperatures lower than 50 K, the change
in the volume is negligible for CoFeYGe (Y = Ti, Cr) compounds. However, after this
temperature, the ratio V/V0 is increasing linearly but it is slightly higher for CoFeCrGe than
CoFeTiGe at high temperatures.
Figure 9 shows the dependence of bulk modulus on temperature. Since the change in
volume is negligible at low temperatures, the variation of bulk modulus does not change for the
same range of temperatures. By raising the temperature, the bulk modulus decreases linearly for
both compounds but CoFeCrGe shows a higher decrease than CoFeTiGe. Figure 10 shows the
dependence of the thermal expansion coefficient (α) on temperature. The thermal expansion
coefficient increases rapidly with increasing the temperature until it reaches 200 K. At room
temperature and zero pressure, Wang et al. predicted thermal expansion coefficient of 5.97×10-5
K-1 for FeCrRuSi [84] which is higher than that of CoFeTiGe and CoFeCrGe quaternary Heusler
compounds.
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Figure 11 represents the dependence of the heat capacity Cν on the temperature as
calculated using Phonopy code [83]. The heat capacity is proportional to T3 for low
temperatures. At high temperatures, the heat capacity is constant with increasing temperature
following Dulong and Petit law. The heat capacity of CoFeCrGe is larger than that of CoFeTiGe.
The inset in Figure 9 shows Cν of 92.19 J mole-1 K-1 and 91.93 J mole-1 K-1 for CoFeCrGe and
CoFeTiGe, respectively, at room temperature. This difference in the values of the heat capacity
is related to the different molar masses, where it is higher for Cr than Ti atoms.

Figure 8. The ratio of the volume at a given temperature to the volume at 0 K (V/V0) as a
function of the temperature [80].
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Figure 9. The variation of bulk modulus with temperature [80].

Figure 10. The dependence of thermal expansion coefficient (α) on temperature for CoFeYGe (Y
= Ti, Cr) quaternary Heusler compounds [80].
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Figure 11. Dependence of heat capacity on temperature of CoFeYGe (Y = Ti, Cr)
quaternary Heusler compounds [80].

4.6 Lattice dynamics
The non-analytical term correction was considered when calculating the phonon
dispersion as shown in Figure 12 (a) and (b). Since the primitive cell of CoFeYGe (Y = Ti, Cr)
compounds have four atoms; therefore, the phonon dispersion consists of one longitudinal
acoustic (LA), two transversals acoustic (TA), and nine optical branches. Along the path of high
symmetry points from Γ to X and from Γ to L, the two transversals acoustic modes are
degenerate and thus only one TA mode appears in Figure 12 (a) and (b). However, these two
transverse acoustic modes are nondegenerate along the path L-W and X-W. This degeneracy in
the two transverse acoustic modes of the phonon dispersion was predicted for other Heusler
compounds [85].
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The twelve phonon branches show positive frequencies, which indicate that the Y-type-I
structure of CoFeYGe (Y = Ti, Cr) compounds are mechanically stable. Figure 13 represents the
phonon partial density of states (PDOS) of CoFeYGe (Y = Ti, Cr) compounds. At low frequency
modes, Co and Ge atoms show high contributions for both compounds, while at high frequency
modes the major contributions to phonon PDOS come from Cr and Co atoms for CoFeCrGe and
Ti atom for CoFeTiGe.
The phonon group velocity is one of the important parameters that control the value of
the lattice thermal conductivity. The phonon group velocity is calculated from phonon dispersion
relation as follows:
𝑣𝑔 = 𝜕𝜔(𝑘)/𝜕𝑘

(Equation 62)

Figure 14 represents the phonon group velocity of CoFeYGe (Y = Ti, Cr) compounds.
One can notice that the slope of the phonon dispersion for optical modes in Figure 12 (a) and (b)
is significant, which leads to high contribution to the phonon group velocity. The efficiency of
thermoelectric material is related to the lattice thermal conductivity (𝑘𝐿 ) where the appropriate
thermoelectric generator should exhibit low 𝑘𝐿 . The lattice thermal conductivity is given by the
following equation:

𝛼𝛽

𝑘𝐿 =

1
𝛽
∑ 𝑓0 (𝑓0 + 1)(ℏ𝜔𝜆 )2 𝜈𝜆𝛼 𝐹𝜆
2
𝑘𝐵 𝑇 Ω𝑁

(Equation 63)

𝜆

where Ω is the volume of the unit cell, N is the number of q-points, 𝑓0 is the phonon distribution
function at thermal equilibrium, 𝜔𝜆 is the angular frequency of phonon mode (𝜆), 𝜈𝜆 is the group
velocity, and 𝛼 and 𝛽 are scattering directions. Figure 15 shows the variation of the lattice
thermal conductivity with temperature.
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Figure 12. Phonon dispersion of (a) CoFeCrGe (b) CoFeTiGe quaternary Heusler compounds
[80].
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Figure 13. Phonon partial density of states of (a) CoFeCrGe (b) CoFeTiGe quaternary Heusler
compounds [80].
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Figure 14. Phonon Group velocity of (a) CoFeCrGe and (b) CoFeTiGe [80].

The lattice thermal conductivity decreases rapidly with raising the temperature up to ~
300 K. At room temperature, the lattice thermal conductivity is equal to 12.26 Wm-1K-1 and
11.01 Wm-1K-1 for CoFeTiGe and CoFeCrGe, respectively, which are comparable to the state-of36

art thermoelectric material CoSb3 (κL = 10 Wm-1K-1) [86,87]. The reduction in the lattice thermal

Figure 15. Lattice thermal conductivity as a function of temperature of CoFeYGe (Y = Ti, Cr)
quaternary Heusler compounds [80].

conductivity by increasing the temperature is due to the reduction in the phonon mean free path,
which results in a high scattering rate. At 850 K, the lattice thermal conductivity is found to be
4.48 Wm-1K-1 and 3.89 Wm-1K-1 for CoFeTiGe and CoFeCrGe, respectively. The difference in
κL values of CoFeTiGe and CoFeCrGe are related to different atomic masses of Ti and Cr atoms.
A large difference of atomic masses between the atoms in the compound leads to a gap between
the acoustic and the optical modes, which leads to larger phonon relaxation times and thus higher
κL values [88]. This could be the reason for low κL of CoFeYGe (Y = Ti, Cr) where there is no
gap between the acoustic and the optical phonon modes in Figure 12. The low lattice thermal
conductivity at high temperatures suggest CoFeYGe (Y = Ti, Cr) compounds as good candidates
of thermoelectric materials.
37

Figure 16 shows the variation of lattice thermal conductivity of the optical modes with
temperature for CoFeYGe (Y = Ti, Cr) compounds. The figure shows the increase of the optical
modes contribution to the total κL with increasing temperature, which equals 70.9% for
CoFeTiGe and 60.2% for CoFeCrGe at 850 K.

Figure 16. Variation of lattice thermal conductivity of the optical modes with temperature for (a)
CoFeCrGe (b) CoFeTiGe compounds [80].
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These are unconventional results where usually the acoustic modes exhibit high
contribution to the total lattice thermal conductivity because the optical modes possess low
phonon group velocity. However, several materials show equivalent similar behavior [89–91].
These results can be used to reduce lattice thermal conductivity. The main contribution to the
optical modes comes from the Y (Y = Ti, Cr) atom as was shown in Figure 13. Therefore,
creating vacancies at the Y (Y = Ti, Cr) atom may lead to a reduction in κL and thus an increase
in the figure of merit.
Figure 17 represents the dependence of the normalized accumulated thermal conductivity
on the mean free path (MFP). One can notice that the size of the grain can reduce the lattice
thermal conductivity and thus enhance the thermoelectric efficiency. This figure also shows that
increasing the temperature could increase lattice thermal conductivity for the given grain size. To
reduce lattice thermal conductivity by one half, a mean free path of 12.05 nm and 12.75 nm
should be used for CoFeTiGe and CoFeCrGe, respectively.

4.7 Thermoelectric properties
In this section, the thermoelectric properties of CoFeTiGe and CoFeCrGe quaternary
Heusler compounds were studied using Boltzmann’s transport theory with constant relaxation
time approximation. This approximation is widely used to predict the electronic transport
properties which showed a good agreement with the experimental measurements [92–95].
Constant relaxation time of 10-14 s was used to calculate the thermoelectric properties. The
material that exhibits a narrow band gap could possess a good efficiency to convert the heat to
electricity [96]. Both CoFeTiGe and CoFeCrGe exhibit small band gaps in the minority spin
channels of 0.383 eV and 0.412 eV, respectively. In half-metallic materials, the Seebeck
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coefficient (S) and the electrical conductivity (σ) are spin dependent.

Figure 17. Dependence of normalized accumulated lattice thermal conductivity on mean free
path of CoFeYGe (Y = Ti, Cr) quaternary Heusler compounds [80].
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The total Seebeck coefficient can be calculated using the two-current model as described
by the following formula [97]:

𝑆 = (𝑆↑ 𝜎↑ + 𝑆↓ 𝜎↓ )⁄𝜎𝑡𝑜𝑡𝑎𝑙

(Equation 64)

where the subscripts (↑) and (↓) denote the spin-up and spin-down channels, respectively. The
total electrical conductivity, 𝜎𝑡𝑜𝑡𝑎𝑙 , is defined as follows:

𝜎𝑡𝑜𝑡𝑎𝑙 = (𝜎↑ + 𝜎↓ )

(Equation 65)

Figure 18 shows the Seebeck coefficient of spin-up and spin-down channels as well as
the total S as a function of the chemical potential at room temperature. For both compounds, the
Seebeck coefficient of the spin-down channel shows higher values than spin-up channel. One can
notice that the total Seebeck coefficient is low as compared to that of the spin-down channel.
This behavior is ascribed to the fact that the total Seebeck coefficient is inversely proportional to
the total electrical conductivity as given in Equation 4. The total and spin dependent electrical
conductivity for CoFeYGe (Y = Ti, Cr) are represented in Figure 19. In the region around the μEf = 0 eV, 𝜎↑ ≫ 𝜎↓ which means that the total electrical conductivity depends on 𝜎↑ and thus 𝑆 ≈
𝑆↑ .
The dependence of the total Seebeck coefficient on the chemical potential at different
temperatures for CoFeYGe (Y = Ti, Cr) quaternary Heusler compounds is shown in Figure 20.
The Seebeck coefficient increases with raising the temperature and with higher S values for
CoFeCrGe than CoFeTiGe. Figure 21 shows the dependence of the total electrical conductivity
on the chemical potential at different temperatures.
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Figure 18. The total and spin-up and spin-down Seebeck coefficients as a function of chemical
potential at room temperature for (a) CoFeCrGe (b) CoFeTiGe quaternary Heusler compounds
[80].
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Figure 19. The total and spin-up and spin-down electrical conductivities as a function of
chemical potential at room temperature for (a) CoFeCrGe (b) CoFeTiGe quaternary Heusler
compounds [80].
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Figure 20. The dependence of total Seebeck coefficient on chemical potential at different
temperatures for (a) CoFeCrGe (b) CoFeTiGe quaternary Heusler compounds [80].

The electrical conductivity exhibits higher values with increasing the positive than the
negative chemical potential. In addition, CoFeCrGe exhibits higher values of σ than CoFeTiGe.
Increasing the temperature from 300 K to 800 K shows a negligible change in the electronic
conductivity. Another important parameter that affects the value of the figure of merit is the
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electronic thermal conductivity (κe).

Figure 21. The dependence of total electrical conductivity on chemical potential at different
temperatures for (a) CoFeCrGe (b) CoFeTiGe quaternary Heusler compounds [80].
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The dependence of the electronic thermal conductivity on the chemical potential at
different temperatures is shown in Figure 22. The behavior of the κe-μ curves is comparable to
the trend of the σ-μ curves but it changes with temperature because κe is related to σ and
temperature by Wiedemann–Franz law as follows:

𝜅𝑒 = 𝐿𝜎𝑇

(Equation 66)

where L is the Lorentz number and was found to be 2.52×10-8 WΩK-2 for CoFeCrGe and
2.42×10-8 WΩK-2 for CoFeTiGe alloys at room temperature. Figure 23 shows the dependence of
the figure of merit on the chemical potential at different temperatures for CoFeYGe (Y = Ti, Cr)
quaternary Heusler compounds. The values of the figure of merit for both compounds increase
by increasing the temperature. The maximum ZT in the n-type region increases from 0.10 to 0.57
for CoFeTiGe and from 0.14 to 0.64 for CoFeCrGe by increasing the temperature from 300 K to
850 K. On the other hand, the maximum ZT in the p-type region increases from 0.06 to 0.51 for
CoFeTiGe and from 0.03 to 0.37 for CoFeCrGe by increasing the temperature from 300 K to 850
K. At μ-Ef = 0 eV, ZT is zero for CoFeTiGe at different temperatures, whereas, it is 0.28 for
CoFeCrGe at 850 K. Therefore, it is possible to use CoFeCrGe compound as a thermoelectric
material without doping.
Nanoengineering technology is one of the successful approaches to enhance the
thermoelectric performance of a material [98–100]. Jin et al. prepared a 5 nm grain size of
CoFeCrGe [101]. Therefore, the accumulated lattice thermal conductivity as a function of MFP
is presented in Figure 24 to obtain the value of the lattice thermal conductivity for a 5 nm grain
size. It is found that κL is 1.88 Wm-1K-1 at a grain size of 5 nm, which yields ZT of 0.4 and is
higher than the bulk value of 0.14 at 300 K [80].
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Figure 22. The dependence of total electronic thermal conductivity on chemical potential at
different temperatures for (a) CoFeCrGe (b) CoFeTiGe quaternary Heusler compounds [80].
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Figure 23. The dependence of the figure of merit (ZT) on chemical potential at different
temperatures for (a) CoFeCrGe (b) CoFeTiGe quaternary Heusler compounds [80].
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Figure 24. Dependence of accumulated lattice thermal conductivity on the mean free path (MFP)
of CoFeCrGe quaternary Heusler compound at room temperature [80].

4.8 Summary
The spin-polarized density functional theory and Boltzmann transport theory were
performed to investigate the structural, electronic, magnetic, and thermoelectric properties of
CoFeYGe (Y = Ti, Cr) quaternary Heusler compounds. The calculated ground state energies
show that the Y-type-I is the stable structure for CoFeGe and CoFeCrGe with lattice constant of
5.81 Å and 5.71 Å, respectively. These compounds exhibit a half-metallic behavior with band
gaps of 0.383 eV and 0.412 eV in minority spin channel for CoFeTiGe and CoFeCrGe,
respectively. The results show ferrimagnetic and ferromagnetic behaviors for CoFeTiGe and
CoFeCrGe with total magnetic moments of 1.0 μB and 3.0 μB, respectively. The lattice thermal
conductivity decreases from 12.26 Wm-1K-1 (11.01 Wm-1K-1) to 4.48 Wm-1K-1 (3.89 Wm-1K-1)
by increasing the temperature from 300 K to 850 K, respectively, for CoFeTiGe (CoFeCrGe).
The phonon optical modes have a major contribution to the total κL as compared to the acoustic
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modes. The calculated thermoelectric properties exhibit high figure of merit of 0.57 and 0.64 for
n-type CoFeTiGe and CoFeCrGe, respectively, at 850 K. The half-metallic behavior and good
thermoelectric properties of CoFeYGe (Y = Ti, Cr) quaternary Heusler compounds, suggesting
these compounds as a potential candidate for thermoelectric applications to convert waste heat to
spin-polarized current.
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Chapter Five: CoFeCuZ (Z = Al, Si, Ga, As, In, Sn, Sb, Pb) quaternary Heusler
compounds

5.1 Details of the calculations
Spin polarized density functional theory was implemented by VASP code along with
projector augmented wave (PAW) method [72,73]. The generalized-gradient approximation was
considered using Perdew-Burke-Ernzerhof (PBE) scheme as an exchange-correlation potential
[68]. The plane-wave cut-off energy and energy tolerance were set to 350 eV and 10-5 eV,
respectively with Γ-centered k-point mesh of 21×21×21 in the Brillouin zone integrations. A
mesh of 28×28×28 k-points was employed for non-self-consistent calculations. Boltzmann
transport theory was performed by BoltzTrap code to calculate transport properties with constant
relaxation time approximation [76].

5.2 Structural properties
All different types of the Y-structures of CoFeCuZ (Z = Al, Si, Ga, As, In, Sn, Sb, Pb)
quaternary Heusler compounds were investigated to find the most stable structure, see Table 1. It
was found that Y-type-I is the stable structure for all the CoFeCuZ quaternary Heusler
compounds because it has the lowest ground state energy as tabulated in Table 5. Therefore, the
next calculations were focused only on the stable structure of these compounds.
Table 6 shows the lattice parameters of the CoFeCuZ quaternary Heusler compounds at
the equilibrium lattice constant. The formation energy is calculated to check the stability of the
compounds using the following equation

𝐸𝑓𝑜𝑟𝑚 = 𝐸𝑡𝑜𝑡 − 𝐸𝑠𝑢𝑚
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(Equation 67)

Table 5. The ground state energy (E) for Y-type structures of CoFeCuZ (Z = Al, Si, Ga, As, In,
Sn, Sb, Pb) [102].
Z

Structure type

E (eV)

Al

Type-I

-23.588173

Type-II

-23.177938

Type-III

-23.446133

Type-I

-25.224668

Type-II

-24.962240

Type-III

-25.092549

Type-I

-22.334688

Type-II

-22.045879

Type-III

-22.202070

Type-I

-23.447203

Type-II

-23.141752

Type-III

-23.208402

Type-I

-21.090147

Type-II

-20.655877

Type-III

-20.897221

Type-I

-22.610077

Type-II

-22.312997

Type-III

-22.362190

Type-I

-22.511512

Type-II

-22.139866

Type-III

-22.341276

Type-I

-21.116581

Type-II

-20.478584

Type-III

-20.861984

Si

Ga

As

In

Sn

Sb

Pb
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where 𝐸𝑡𝑜𝑡 is the ground state energy of the compound. 𝐸𝑠𝑢𝑚 is the sum of the ground state
energies of the bulk structure for each element in the compound. It was found that CoFeCuZ (Z
= Al, Si, Ga, As, In, Sn, Sb, Pb) quaternary Heusler compounds possess negative formation
energy, which indicates that these compounds are thermodynamically stable, see Table 6.

Table 6. The calculated lattice constant, formation energy, and spin polarization at Fermi energy
of the CoFeCuZ (Z = Al, Si, Ga, As, In, Sn, Sb, Pb) quaternary Heusler compounds calculated at
0.0 GPa [102].
Z

a (Å)

Eform (eV/atom)

P (100%)

Al

5.769

-1.135

59

Si

5.688

-1.191

3

Ga

5.784

-1.057

60

As

5.875

-1.023

74

In

6.052

-0.981

67

Sn

6.061

-1.047

82

Sb

6.083

-0.997

77

Pb

6.185

-0.956

100

The effect of the lattice distortion on the structure of CoFeCuZ compounds was
investigated. The change in the lattice constant ranges from 10% to -10%, which correspond to
applying uniform hydrostatic pressure. This pressure on CoFeCuZ ranges from -15.72 GPa to
80.48 GPa. Figure 25 represents the change of the lattice constant as a function of the applied
pressure on CoFeCuZ compounds. The change in the lattice constant is less in the case of
increasing the pressure than lowering it [102].
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Figure 25. Lattice constant as a function of applied pressure of CoFeCuZ (Z = Al, Si, Ga, As, In,
Sn, Sb, Pb) quaternary Heusler compounds.

5.3 Electronic properties
The spin polarized band structures of CoFeCuZ (Z = Al, Si, Ga, As, In, Sn, Sb, Pb)
quaternary Heusler compounds were calculated along the high symmetry path of the first
Brillouin zone at the equilibrium lattice constants. It was found that only CoFeCuPb compound
exhibits a half-metallic behavior as shown in Figure 26. In Figure 26 (a), the bands of the
majority-spin cross the Fermi energy level, which correspond to a metallic behavior.
However, the minority-spin band structure shows a semiconducting behavior with an
indirect band gap of 0.303 eV, where the valence band maximum (VBM) and the conduction
band minimum (CBM) are located at L and X high symmetry points, respectively, see Figure 26
(b). The other CoFeCuZ (Z = Si, Ga, In, Sn, Sb) quaternary Heusler compounds were found to be
a nearly half-metallic. Although these materials exhibit a metallic behavior for the majority-spin
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channel and a semiconducting behavior in the minority-spin channel, the Fermi energy is not
located between the VBM and CBM.

Figure 26. (a) spin-up and (b) spin-down band structure for CoFeCuPb compound for the first
Brillouin zone. The Fermi energy level is represented by the dashed lines [102].

Figure 27 shows that the Fermi energy of CoFeCuZ (Z = Ga, In) crosses the valence
bands, while the Fermi energy passes through the conduction bands for CoFeCuZ (Z = Si, Sn,
Sb).

Figure 27. The minority-spin band structure of CoFeCuZ (Z = Al, Si, Ga, As, In, Sn, Sb, Pb)
quaternary Heusler compounds for the first Brillouin zone [102].
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The spin polarized band structure of CoFeCuZ (Z = Al, As) exhibits a metallic behavior
as shown in Figure 28. The strong correlation of the partially filled 3d orbitals of Co and Fe
could affect the structure of the latter compounds and, thus, change the electronic structure.
Other work predicted Co2FeSi compound to be a metallic using GGA, while it is half metallic
with including Hubbard coefficient (GGA+U) [61,103]. Therefore, GGA+U approach was used
for CoFeCuZ (Z = Al, As) to compare with the electronic structure of GGA [104]. Figure 29
shows the calculated minority-spin band structure using GGA+U of CoFeCuAl and CoFeCuAs.
The figure shows that the band structures did not change to a half-metallic behavior even with
including the strong correlation of the partially filled 3d orbitals of Co and Fe via GGA+U
scheme.
The electron spin polarization of CoFeCuZ (Z = Al, Si, Ga, As, In, Sn, Sb, Pb) quaternary
Heusler compounds was calculated at Fermi energy using Equation 1. Table 6 shows that only
CoFeCuPb quaternary Heusler compound possesses a full spin polarization (100%) due to the
zero values of minority spin density of states at 𝐸𝑓 . The other compounds have values that range
from 3% to 82% of spin polarization.
The next calculations consider only CoFeCuPb compound because it exhibits a halfmetallic behavior. The total density of states for the spin-up and spin-down channels are
presented in Figure 30. The hybridization that splits the s orbital of the metalloid atom (Pb) from
the p and d orbitals of transition metal atoms (Co, Fe, and Cu) results in energy gap range from 6.7 eV to -9.3 eV. A half-metallic behavior with a spin polarization of 100% occurs in the region
around the Fermi energy. To study DOS of the half-metallic compound with more details, partial
density of states (PDOS) was calculated for the region around the Fermi energy in the minority
spin channel as shown in Figure 31. The PDOS of the partially filled 3d orbital transition metal
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atoms (Co and Fe) show major contributions to the total density of states around the Fermi
energy, while Pb and Cu atoms exhibit negligible contributions.

Figure 28. The calculated minority-spin band structure of (a) CoFeCuAl and (b) CoFeCuAs
using GGA for the first Brillouin zone [102].
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Figure 29. The calculated minority-spin band structure of (a) CoFeCuAl and (b) CoFeCuAs
using GGA+U for the first Brillouin zone [102].
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Figure 30. The total density of states for the spin up and spin down channels for CoFeCuPb
quaternary Heusler compound [102].

Figure 31. The minority-spin projected density of states for CoFeCuPb quaternary Heusler
compound [102].
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The pressure could affect the half-metallicity of a material [105]. Hence, the effect of the
pressure on the electronic structure of CoFeCuPb compound was investigated. Figure 32 shows
the dependence of the minority-spin band gap on the change of the lattice constant due to the
applied pressure where the top x-axis is the pressure values that correspond to the change in the
lattice constant. This figure shows that the band gap is found in the range of pressure from -12.75
GPa to 8.46 GPa, where the material possesses a half-metallic behavior. At 0.0 GPa, CoFeCuPb
compound exhibits a band gap of 0.303 eV in minority-spin channel. The value of the band gap
decreases with increasing of lowering the pressure until the material becomes metallic.

Figure 32. The change of the band gap as a function of the change in the lattice constant for
CoFeCuPb quaternary Heusler compound [102].

The change of the band gap due to the applied pressure was also found by other studies
for CoFeCrZ (Z = Al, Ge) and XFeTiZ (X = Co, Ni; Z = Si, Ge, As) quaternary Heusler alloys
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[35,36]. Figure 33 shows the minority-spin band structure at the pressure values of -12.75 GPa
and 8.46 GPa, which represent the maximum values of the expansion and compression,
respectively, before losing the half-metallicity behavior. The pressure of 8.46 GPa leads to a
decrease in the band gap from the optimal value of 0.303 eV to 0.27 eV, where the Fermi level is
shifted toward the conduction band, see Figure 33 (a). However, the pressure of -12.75 GPa
shifts the Fermi level to the valence bands and decrease the band gap to 0.10 eV as shown in
Figure 33 (b) [102].

Figure 33. Minority spin channel band structure for CoFeCuPb compound for the first Brillouin
zone at (a) 8.46 GPa and (b) -12.753 GPa [102].

5.4 Magnetic properties
This subsection presents the magnetic properties of CoFeCuZ (Z = Al, Si, Ga, As, In, Sn,
Sb, Pb) quaternary Heusler compounds. The calculated local and total magnetic moment under
the equilibrium lattice constant are given in Table 7. The Fe atom shows a higher contribution to
the total magnetic moment than the Co atom, while the Cu and the metalloid atoms (Al, Si, Ga,
As, In, Sn, Sb, Pb) exhibit insignificant contributions. Although the value of the local magnetic
moment for metalloid atoms is negligible, it affects the value of the total magnetic moment.
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Table 7. The local and total magnetic moments of CoFeCuZ (Z = Al, Si, Ga, As, In, Sn, Sb, Pb)
quaternary Heusler compounds under the equilibrium lattice constant [102].
Z
mCo (μB)
mFe (μB)
mCu (μB)
mZ (μB)
mtotal (μB)
Al

1.050

2.546

-0.017

-0.030

3.47

Si

1.117

2.676

0.014

-0.004

3.8

Ga

1.018

2.590

-0.015

-0.084

3.51

As

1.282

2.816

0.029

0.035

4.19

In

1.202

2.731

-0.005

-0.114

3.83

Sn

1.186

2.830

0.006

-0.053

4.0

Sb

1.170

2.798

0.017

0.024

4.02

Pb

1.192

2.843

0.002

-0.065

4.0

The Slater-Pauling rule could predict the half-metallicity of a material using its magnetic
moment, where the material that possess an integer value of total magnetic moment is usually a
half-metallic. From Table 7, the calculated total magnetic moment of 4μB of CoFeCuPb
compound indicates a half-metallic behavior. In the case of CoFeCuSn compound, the total
magnetic moment is 4μB, but it shows a nearly half-metallic behavior with an electron spin
polarization of 82%. The Slater-Pauling rule is represented by the following equation:
𝑀𝑡𝑜𝑡 = (𝑍𝑡𝑜𝑡 − 2𝑁↓ )𝜇𝐵

(Equation 68)

where, 𝑀𝑡𝑜𝑡 , 𝑍𝑡𝑜𝑡 , and 𝑁↓ are the total magnetic moment, the accumulated number of valence
62

electrons, and the spin-down electrons, respectively. To calculate the total magnetic moment of
CoFeCuPb using Equation 68, the number of spin-down electrons need to be determined.
The transition metals atoms of several Heusler alloys have partially filled 3d states, which
result in 9 or 12 valence electrons [40,106]. In the case of CoFeCuPb, the 3d states of Cu atom
are fully occupied and thus the 𝑁↓ is different. Figure 34 was plotted to find the value of 𝑁↓ .

Figure 34. The calculated integrated density of states of CoFeCuPb quaternary Heusler
compound [102].

The spin-down integrated density of states at the Fermi level represents the spin-down
valence electrons, which is equal to 14. These 14 states for the spin-down band are the
summation of the one s and three p states of the Pb atom, five d states of Cu atom, and five
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hybridized Co-Fe d states, which are equivalent to the results predicted by Skaftouros et al. for
Cr2ZnSi [40]. Hence, Equation 68 can be written as:
𝑀𝑡𝑜𝑡 = (𝑍𝑡𝑜𝑡 − 28)𝜇𝐵

(Equation 69)

Therefore, the calculated total magnetic moment using Equation 69 is 4μB for CoFeCuPb
quaternary Heusler compound.
The ground state energy of the nonmagnetic structure (ENM) was calculated and
compared to the energy of the magnetic structure (EM) for CoFeCuPb at different values of
pressure to check which structure is stable under a given pressure. Table 8 presents the difference
between the energy of the nonmagnetic and the magnetic structures for various values of
pressure. The positive sign of the difference (ENM-EM) indicates that the magnetic state is the
ground state structure.
The compression or expansion of the lattice constant due to the applied pressure could
change the hybridization between the neighboring atoms and, thus, affect the magnetic moment
of the compound. Therefore, the total magnetic moment was calculated at different pressure
values of CoFeCuPb quaternary Heusler compound as shown in Figure 35. The symbol Δa
represents the difference between the lattice constant at a given pressure and the lattice constant
a0 at 0.0 GPa. At equilibrium lattice constant, the total magnetic moment is equal 4μB and it is
constant under pressure that ranges from -6.3 GPa to 13.89 GPa. The total magnetic moment
decreases with increasing the pressure beyond 13.89 GPa, which is due to the increase in the
hybridization of the partially filled d states of the Co and Fe atoms. In the case of the expansion
of the lattice constant, the hybridization decreases, which leads to an increase in the total
magnetic moment.

64

Table 8. The energy difference between the nonmagnetic and the magnetic states for different
pressure levels for CoFeCuPb quaternary Heusler alloy [102].
Pressure (GPa)

ENM – EM (eV)

-15.72

1.805492

-15.10

1.747909

-14.51

1.686998

-13.73

1.623571

-12.75

1.558901

-11.55

1.494033

-10.21

1.430053

-8.49

1.367348

-6.30

1.305251

-3.57

1.242775

-0.20

1.178366

3.77

1.110991

8.46

1.040709

13.89

0.967001

19.79

0.892132

26.80

0.818075

34.79

0.743347

43.83

0.669725

54.81

0.598031

66.59

0.528824

80.48

0.463882
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Figure 35. The change of the total magnetic moment as a function of the lattice constant
distortion of CoFeCuPb quaternary Heusler compound [102].

Figure 36 shows the effect of the pressure on the local charges of the partially filled d
states of the Co and Fe atoms where these atoms have the major contributions to the total
magnetic moment as shown in Table 7. The decrease in the lattice constant leads to a decrease in
the value of the local charges of d states and, thus, an increase in the total magnetic moment.
Since CoFeCuPb possesses a half-metallic behavior with a total magnetic moment of 4
μB, it can be promising for spintronic applications. Therefore, it is important to determine its
Curie temperature first. A previous study has shown that cobalt-based full and quaternary
Heusler compounds follow a linear relationship between the Curie temperature (Tc ) and the total
magnetic moment [61]. This relation is widely used to estimate the Curie temperature for
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Heusler compounds [8,107–111] and it is calculated using the following equation:
Tc = 23 + 181𝑀𝑡𝑜𝑡

(Equation 70)

Figure 36. The local electron charges of d states as a function of the lattice constant distortion of
CoFeCuPb quaternary Heusler compound [102].

Before estimating the Curie temperature of CoFeCuPb, it was important to investigate the
validity of the formula by comparing the experimental values with the estimated Curie
temperatures. Therefore, the calculated magnetic moment from the data of Alijani et al. was
applied into Equation 70 to obtain the estimated Tc [17]. Table 9 shows good agreement between
the estimated Tc and the measured value for different quaternary Heusler compounds.
Accordingly, the calculated Curie temperature using Equation 70 is 747 K for CoFeCuPb, which
suggests this compound is a good candidate material for spintronic applications [102].
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Table 9. Total magnetic moment (𝑀𝑡𝑜𝑡 ) and experimental Curie temperature of reference [32].
Estimated Tc is the calculated Curie temperature using Equation 70 [102].
Compound
Experimental
Estimated
𝑀𝑡𝑜𝑡 (μB)
[32]

Tc (K) [32]

Tc (K)

CoFeMnAl

3.0

553

566

CoFeMnSi

4.0

623

747

CoFeMnGa

3.0

567

566

CoFeMnGe

4.0

711

747

5.5 Thermoelectric properties
The Seebeck coefficient for metals is found to be very low (less than 10 μVK-1 [43]).
Therefore, only the transport properties of the minority spin channel were investigated for
CoFeCuPb quaternary Heusler compound. The small band gap of 0.303 eV of CoFeCuPb
compound is desirable for good thermoelectric materials [112]. In this section, the thermoelectric
properties were investigated for three different structures at pressures of 0.0 GPa, 8.46 GPa, and
-12.75 GPa. The thermoelectric properties of CoFeCuPb quaternary Heusler compound at 300 K
and 800 K are in Figure 37. The values of the pressure are 0.0 GPa, 8.46 GPa, and -12.75 GPa
which represented by solid, dashed, and dotted lines, respectively.
The negative Seebeck coefficient is due to the negatively charged carriers and denoted by
n-type. However, the p-type represents the positive values of Seebeck coefficient, which is
created by positively charged carriers. The Seebeck coefficient decreases by increasing the
temperature. At 0.0 GPa, the Seebeck coefficient shows two peaks of -483.2 μVK-1 and 429.0
μVK-1 around the intrinsic chemical potential (μ-Ef = 0) at 300 K. These two peaks decrease to 212.7 μVK-1 and 190.7 μVK-1 by raising the temperature to 800 K. The decrease in the Seebeck
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coefficient with increasing doping level is due to the increase in the carrier concentration as
shown in Equation 4.

Figure 37. The dependence of thermoelectric properties on the chemical potential under different
values of pressure at 300 K and 800 K for CoFeCuPb quaternary Heusler compound [102].

The compression slightly increased Seebeck coefficient but shifted the values to the
negative chemical potential. In the case of the expansion at 300 K and 800 K, the Seebeck
coefficient is lower than at equilibrium lattice constant and the two peaks are shifted toward the
positive chemical potentials. The position of the peaks in the higher or lower energy regions are
related to the Fermi level in the band structure where it is in the middle of the band gap at
equilibrium lattice constant, see Figure 26 (b). However, Fermi level is shifted to the conduction
and valence bands for the 8.46 GPa and -12.75 GPa, respectively, see Figure 33.
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The calculated Seebeck coefficients of CoFeCuPb quaternary Heusler compound exhibit
higher values as compared to other quaternary Heusler compounds [58,73,111]. Moreover, it is
greater than the Seebeck coefficient of the materials used in thermoelectric applications. For
example, Bi2Te3 exhibits a Seebeck coefficient of 225 μVK-1 with a ZT of 1.41 for p-type at
room temperature [113–115]. Another example is CoSb3, which has high ZT of 1.3 with Seebeck
coefficients of 220 μVK-1 at room temperature and -325 μVK-1 at 800 K for the p-type and ntype, respectively. Therefore, a high ZT value is expected for CoFeCuPb quaternary Heusler
compound due to the high Seebeck coefficients.
Under various values of pressure, the electrical conductivity at room temperature exhibits
low values in the region of the band gap, while it increases at 800 K. Beyond this region, the
electrical conductivity rapidly increases due to the exponential increase of electrons (holes) in
conduction (valence) bands as shown in Figure 37. The electrical conductivity is shifted to the
negative and positive chemical potential for compression and expansion, respectively. This shift
is a result of the shift of the Fermi level due to the pressure as shown in Figure 33.
The power factor is related to the Seebeck coefficient and the electrical conductivity as
given in Equation 6. Therefore, the maximum value of the power factor does not correspond to
the maximum Seebeck coefficient because the electrical conductivity could be small or zero.
Table 10 shows the maximum values of the power factor and the corresponding values of the
Seebeck coefficient and the electrical conductivity as well as the type of doping. The Seebeck
coefficient of the n-type is higher than that of the p-type. At 300 K, there is a negligible
difference between the Seebeck coefficient at 0.0 GPa and 8.46 GPa for n- and p-type. However,
the expansion lowered the n-type Seebeck coefficient, while it increased that of the p-type. By
increasing the temperature, the Seebeck coefficients are slightly changed for the n-type under
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pressure with values of 0.0 GPa, 8.46 GPa, and -12.75 GPa. However, there is an appreciable
increase for the p-type except at -12.75 GPa where the Seebeck coefficient exhibits negligible
change.

Table 10. The Seebeck coefficient (S; in [μVK-1]), electrical conductivity (σ/τ; in [1019 Ω-1 cm-1
s-1]), and power factor (PF; in [1014 μWcm-1 K-2 s-1]) at different temperatures (T; in [K]) and
pressures (in [GPa]) [102].
T
Pressure
S
σ/τ
Max PF
type
300

0.0

8.46

-12.75

800

0.0

8.46

-12.75

-162.08

2.64

69.58

n

103.18

4.34

46.28

p

-163.38

2.41

64.40

n

97.18

5.11

48.35

p

-146.47

2.89

62.07

n

122.21

2.87

42.90

p

-159.46

6.27

159.50

n

149.40

5.31

118.70

p

-157.16

6.76

167.19

n

155.56

5.39

130.59

p

-140.93

6.20

123.15

n

123.64

5.16

78.93

p
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At room temperature, the electrical conductivity is higher for p-type than n-type at 0.0
GPa and 8.46 GPa, while at -12.75 GPa the electrical conductivity of the n-type is slightly
greater than that of the p-type. The electrical conductivity decreases (increases) by compression
(expansion) for the n-type at room temperature, however, the trend is opposite at 800 K. For the
case of the p-type, the electrical conductivity increases by compression, while it decreases by
expansion at all values of temperature. At 300 K, the maximum power factor of 69.58×1014
μWcm-1 K-2 s-1 is obtained for the n-type at the equilibrium lattice constant, which is higher than
the well-known thermoelectric material PbTe that has PF of 43.75×1014 μWcm-1 K-2 s-1 [116].
The power factor for the p-type is 46.28×1014 μWcm-1 K-2 s-1 at 0.0 GPa, which decreases to
48.35×1014 μWcm-1 K-2 s-1 by compression. In contrast, the expansion is found to lower the value
to 42.90×1014 μWcm-1 K-2 s-1.
The power factor is highly increased by raising the temperature to 800 K. The maximum
values of the n-type power factor are 167.19×1014 μWcm-1 K-2 s-1, 159.50×1014 μWcm-1 K-2 s-1,
and 123.15×1014 μWcm-1 K-2 s-1 at pressures of 8.46 GPa, 0.0 GPa, and -12.75 GPa, respectively.
For the p-type case, the maximum power factor is 118.70×1014 μWcm-1 K-2 s-1 at 0.0 GPa, which
increases by compression to 130.59×1014 μWcm-1 K-2 s-1 and decreases by expansion to
78.93×1014 μWcm-1 K-2 s-1 [102].

5.6 Summary
Spin-polarized density functional theory and Boltzmann transport theory are performed to
investigate the structure, electronic, magnetic, and thermoelectric properties of CoFeCuZ (Z =
Al, Si, Ga, As, In, Sn, Sb, Pb) quaternary Heusler compounds. The Y-type-I is found to be the
most stable structure for all compounds. The minority band structure of CoFeCuZ (Z = Si, Ga,
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In, Sn, Sb) exhibits a nearly half-metallic behavior, while CoFeCuPb is half-metallic with a band
gap of 0.303 eV and total magnetic moment of 4.0μB. The band gap value of the minority spin
band structure of CoFeCuPb is non-zero under pressure in the range -12.57 GPa to 8.46 GPa,
which result in a full electron spin polarization at the Fermi level. This behavior is a promising
material for spintronic applications. The n-type and p-type structures show high Seebeck
coefficient values of -162.08 μVK-1 and 103.18 μVK-1, respectively, at a temperature of 300 K
and 0 GPa pressure. These values yield power factors of 69.58×1014 μWcm-1 K-2 s-1 and
46.28×1014 μWcm-1 K-2 s-1 for the n-type and p-type, respectively. By increasing the temperature
to 800 K, these PF values increase to 159.50×1014 μWcm-1 K-2 s-1 and 118.70×1014 μWcm-1 K-2
s-1. The maximum PF values of the n-type and p-type at 800 K and 8.46 GPa are 167.19×1014
μWcm-1 K-2 s-1 and 130.59×1014 μWcm-1 K-2 s-1, respectively. The high values of CoFeCuPb
power factor suggest this compound as a promising material for thermoelectric applications.
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6

Chapter Six: Indium selenide (β-InSe) monochalcogenide

6.1 Details of the calculations
The calculations were performed using the spin-polarized density functional theory as
implemented by VASP code along with the projector augmented wave (PAW) method [6,7]. The
exchange-correlation potential was treated using Perdew-Burke-Ernzerhof (PBE) scheme of the
generalized-gradient approximation [8]. The plane-wave cut-off energy and energy tolerance
were set to 350 eV and 10-5 eV, respectively with Γ-centered k-point mesh of 21×21×21 in the
Brillouin zone integrations. A mesh of 28×28×28 k-points was employed for the non-selfconsistent calculations. The semi-empirical Grimme-D2 correction was used for van der Waals
interactions [117]. The transport properties were calculated using Boltzmann transport theory
with constant relaxation time approximation as implemented in BoltzTrap code [10]. The lattice
thermal conductivity was calculated using Slack’s equation [118].

6.2 Doping β-InSe
Doping is one of the successful approaches to enhance the thermoelectric performance of
a material [119,120]. To investigate the effect of doping on the thermoelectric properties of βInSe, first, β-InSe0.9375Y0.0625 and β-In0.9375Y0.0625Se were adopted where Y = Al, Si, S, As, Sn,
Sb, Te, Pb, and Bi. Second, the power factor of these alloys was calculated to find the best
doping element that enhances the thermoelectric properties of β-InSe. Figure 38 shows the power
factor as a function of the chemical potential at 600 K for β-InSe0.9375Y0.0625 and βIn0.9375Y0.0625Se. One can notice that the thermoelectric properties of β-InSe are enhanced only by
doping with Bi at the Se site. Therefore, the calculations were focused on β-InSe doped with
different Bi concentrations at the Se site.
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Figure 38. The power factor as a function of chemical potential of (a) β-InSe0.9375X0.0625 and (b)
β-In0.9375Y0.0625Se at 600 K.
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6.3 Structural and electronic properties
Figure 39 shows the top view of the hexagonal β-InSe structure and the side view with
two sublayers. The optimized lattice parameters of β-InSe are a = b = 3.954 Å and c= 16.913 Å.
These values are in excellent agreement with the experimental results a = b = 4.005 Å and c =
16.660 Å. The calculated lattice parameters and c/a ratio for β-InSe1-xBix (x = 0.0, .0625, 0.125,
0.1875, 0.25) are presented in Table 11.

Figure 39. β-InSe structure. (a) Top view shows the hexagonal structure and (b) side view
reveals the two sublayers. Violet and green balls represent In and Se atoms, respectively.

Table 11. The calculated lattice parameters (Å), formation energy (eV), and elastic constants
(GPa) of β-InSe1-xBix (x = 0.0, 0.0625, 0.125, 0.1875, 0.25).
x

a=b

c/a

Eform

C11

C12

C13

C33

C44

0.0

3.954

4.276

-0.749

65.3

23.8

17.3

49.0

12.7

0.0625

3.945

4.360

-0.698

59.2

29.3

15.3

41.3

7.4

0.125

3.962

4.394

-0.672

59.8

26.9

15.5

42.0

7.2

0.1875

3.967

4.449

-0.653

53.6

28.3

15.8

39.3

6.5

0.25

3.9143

4.526

-0.634

55.1

36.4

19.0

60.5

13.1
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The thermodynamic stability of β-InSe1-xBix (x = 0.0, 0.0625, 0.125, 0.1875, 0.25) alloys
can be investigated by calculating the formation energy (𝐸𝑓𝑜𝑟𝑚 ) as given by the following
equation

𝐸𝑓𝑜𝑟𝑚 = 𝐸𝑡𝑜𝑡 − ∑ 𝑛𝑖 𝜇𝑖

(Equation 71)

𝑖

where 𝐸𝑡𝑜𝑡 represents the total energy of the alloy, 𝑛𝑖 is the total number of atoms of the element
i, and 𝜇𝑖 is the energy per atom of the bulk structure for the element. It was found that these
alloys possess negative formation energies, which indicate that these compounds are
thermodynamically stable, see Table 11. Moreover, the elastic constants of the hexagonal
structure of β-InSe1-xBix (x = 0.0, 0.0625, 0.125, 0.1875, 0.25) are calculated to test the
mechanical stability using the following equations: [121]

(C11 − C12 ) > 0

(Equation 72)

2
2C13
< C33 (C11 + C12 )

(Equation 73)

C44 > 0

(Equation 74)

where C11 , C12 , C13 , C33 , and C44 are the five independent elastic constants, which are
summarized in Table 11. The values of the elastic constants satisfy Equations 72-74. Therefore,
the structure of these alloys is mechanically stable.
The band structure of β-InSe exhibits a semiconductor behavior with a direct band gap of
0.73 eV at Γ high symmetry point, see Figure 40. This result is in agreement with a previous
theoretical study [51]. The accuracy criteria used for these calculations result in improving the
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calculated value of the band gap to be in fair agreement with the experimental value (1.01 eV)
[51]. By doping β-InSe with different Bi concentrations at Se site, the band structure changed to
be metallic as shown in Figure 41, 42, 43, and 44.

Figure 40. The calculated electronic band structure of the β-InSe semiconductor for the first
Brillouin zone.

Figure 41. The calculated electronic band structure of the β-InSe1-xBix (x = 0.0625) alloys for the
first Brillouin zone.
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Figure 42. The calculated electronic band structure of the β-InSe1-xBix (x = 0.125) alloys for the
first Brillouin zone.

Figure 43. The calculated electronic band structure of the β-InSe1-xBix (x = 0.1875) alloys for the
first Brillouin zone.
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Figure 44. The calculated electronic band structure of the β-InSe1-xBix (x = 0.25) alloys for the
first Brillouin zone.

6.4 Thermoelectric properties
The thermoelectric properties of β-InSe1-xBix (x = 0.0, 0.0625, 0.125, 0.1875, 0.25) alloys
were studied using Boltzmann’s transport theory with constant relaxation time approximation.
This method is widely used to calculate the electronic transport properties that leads to a good
agreement with experiment [92–95]. The constant relaxation time was set to 10-14 s to calculate
the thermoelectric properties. Figure 45, 46, and 47 show the thermoelectric properties of βInSe1-xBix (x = 0.0, 0.0625, 0.125, 0.1875, 0.25) alloys at 300 K and 800 K. At 300 K, the
Seebeck coefficient (S) of β-InSe shows two peaks with high values of 1252 μVK-1 and -1114
μVK-1, see Figure 45. The Seebeck coefficient of the doped alloys was found to decrease
drastically by increasing the doping concentration. At 800 K, the peaks of S drop to 525 μVK-1
and -405 μVK-1. The electrical conductivity of β-InSe exhibits low values in the region of the
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band gap at room temperature, see Figure 46.

Figure 45. The Seebeck coefficient as a function of chemical potential for β-InSe1-xBix (x = 0.0,
0.0625, 0.125, 0.1875, 0.25) alloys at (a) 300 K (b) 800 K.
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Figure 46. The electrical conductivity as a function of chemical potential for β-InSe1-xBix (x =
0.0, 0.0625, 0.125, 0.1875, 0.25) alloys at (a) 300 K (b) 800 K.
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Figure 47. The Power factor as a function of chemical potential for β-InSe1-xBix (x = 0.0, 0.0625,
0.125, 0.1875, 0.25) alloys at (a) 300 K (b) 800 K.
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The electrical conductivity appreciably increases by increasing the doping concentration,
while the change in temperature shows a negligible effect. Although the Seebeck coefficient is
lowered by doping, the power factor (PF) is enhanced by increasing the doping concentration
due to the high increase in electrical conductivity, see Figure 47. The value of PF peak increases
from 1.19×1011 Wm-1K-2s to 8.01×1011 Wm-1K-2s for x = 0.0 and 0.25, respectively. By
increasing the temperature to 800 K, the power factor appreciably increases to reach 3.25×1011
Wm-1K-2s for β-InSe and 23.29×1011 Wm-1K-2s for β-InSe0.75Bi0.25. The results show that βInSe0.75Bi0.25 is the appropriate doping concentration level to improve the thermoelectric
properties of β-InSe. Therefore, the following calculations are focused on doping concentration x
= 0.25.
The lattice thermal conductivity (κL) should be evaluated to calculate the figure of merit
that represents the efficiency of the thermoelectric material. The lattice thermal conductivity is
calculated using Slack’s equation, which assumes that only acoustic modes are responsible for
the heat transfer. This method was successfully used to predict κL for several materials [122–
125]. Slack’s equation is given as: [118]

̅ 𝛩𝐷3 𝑉1/3
𝑀
𝜅𝑙 = 𝐴 2 2/3
𝛾 𝑛 𝑇

(Equation 75)

̅ refers to the average atomic mass of the n atoms in the unit cell, V is
In this equation, 𝑀
the volume per atom, T is the temperature, and A is a physical constant that depends on
Grüneisen parameter as follows:
2.43 × 10−6
𝐴=
1 − 0.514/𝛾 + 0.228/𝛾 2
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(Equation 76)

The Debye temperature (𝛩𝐷 ) and the Grüneisen parameter (𝛾) are given as:

ℎ 3𝑛 1/3
𝛩𝐷 =
(
) 𝜐𝑎
𝑘𝐵 4𝜋𝛺

(Equation 77)

9 − 12(𝜐𝑡 /𝜐𝑙 )2
𝛾=
2 + 4(𝜐𝑡 /𝜐𝑙 )2

(Equation 78)

where ℎ is the Plank constant, 𝑘𝐵 is Boltzmann constant, and 𝛺 is the volume of the unit cell.
The average (𝜐𝑎 ), transverse (𝜐𝑡 ), and longitudinal (𝜐𝑙 ) velocities can be calculated using the
elastic constants from Table 11 by using the following equations:

𝐺
𝜐𝑡 = √
𝜌

(Equation 79)

𝐵 + 4𝐺/3
𝜐𝑙 = √
𝜌

(Equation 80)

1 2
1
𝜐𝑎 = [ ( 3 + 3 )]
3 𝜐𝑡 𝜐𝑙

−1/3

(Equation 81)

where 𝜌 is the mass density. The shear modulus (𝐺) and bulk modulus (𝐵) are given by Equation
53 and Equation 54, respectively.
The calculated Debye temperature (187.6 K) using Equation 77 for β-InSe is in
agreement with the experimental value (190 K) [126]. The calculated value of κL is 1.40 Wm-1K-1
at 300 K, which is in excellent agreement with the experimental value of 1.42 Wm-1K-1. This
agreement confirms the validity of Slack’s equation to estimate κL. Figure 48 shows the lattice
thermal conductivity of β-InSe and β-InSe0.75Bi0.25 as a function of temperature.
85

Figure 48. Dependence of lattice thermal conductivity on temperature of β-InSe and βInSe0.75Bi0.25.
From this figure, one can notice the decrease in κL value from 1.40 Wm-1K-1 for β-InSe to
0.7 Wm-1K-1 for β-InSe0.75Bi0.25 at 300 K. Figure 49 depicts the figure of merit as a function of
temperature for β-InSe alloy at a carrier concentration of 9×1018 cm-3. The ZT of β-InSe drops to
0.43 at 700 K, which is comparable to the experimental value (~0.42) [127].
Figure 50 shows the figure of merit for β-InSe and β-InSe0.75Bi0.25 as a function of
chemical potential for various temperatures. There are two peaks of ZT for both alloys that are
higher for the p-type than those of the n-type. In the case of β-InSe, the ZT peaks are 0.01 (0.21)
and 0.09 (0.51) at 300 (800) K. These values increase upon doping with Bi in β-InSe0.75Bi0.25 to
reach 0.10 and 0.28 at 300 K. at 600 K, the values of the peaks increase to reach 0.35 and 0.46,
which are similar to the ZT values of In4Se3 thermoelectric material [128–130]. At 800 K, βInSe0.75Bi0.25 exhibits good thermoelectric properties, which are represented by the two peaks of
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ZT values of 0.52 and 0.65. Therefore, the increase in the power factor and the decrease in the
lattice thermal conductivity via doping leads to increasing figure of merit of β-InSe.

Figure 49. The dependence of figure of merit on temperature at carrier concentration of 9×1018
cm-3 for β-InSe.

6.5 Summary
Thermoelectric properties of β-InSe1-xBix (x = 0.0, 0.0625, 0.125, 0.1875, 0.25) alloys
were investigated using density functional theory and Boltzmann transport theory. It is found that
the doping with Bi enhances the thermoelectric properties of β-InSe. The crystal structure of the
doped β-InSe with different Bi concentration are mechanically and thermodynamically stable.
The Seebeck coefficient decreases by doping, whereas, the power factor increases due to the
increase in electrical conductivity. The lattice thermal conductivity is found to decrease by
doping from 1.40 Wm-1K-1 for β-InSe to 0.7 Wm-1K-1 for β-InSe0.75Bi0.25 at room temperature.
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Therefore, the ZT value increases from 0.51 for β-InSe to 0.65 for β-InSe0.75Bi0.25. These results
suggest β-InSe0.75Bi0.25 as a good thermoelectric material for converting heat to electricity.

Figure 50. The dependence of figure of merit on chemical potential for various temperatures for
(a) β-InSe and (b) β-InSe0.75Bi0.25 alloys.
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7

Chapter Seven: Conclusion
The electronic, magnetic, and thermoelectric properties of transition-metal based

compounds were investigated by using the density functional theory and Boltzmann transport
formalism. The electronic structure of CoFeYGe (Y = Ti, Cr) quaternary Heusler compounds
exhibit a half-metallic behavior with band gaps of 0.383 eV and 0.412 eV in minority spin
channel for CoFeTiGe and CoFeCrGe, respectively. The results show ferrimagnetic and
ferromagnetic behaviors for CoFeTiGe and CoFeCrGe with total magnetic moments of 1.0 μB
and 3.0 μB, respectively. The lattice thermal conductivity decreases from 12.26 Wm-1K-1 (11.01
Wm-1K-1) to 4.48 Wm-1K-1 (3.89 Wm-1K-1) by increasing the temperature from 300 K to 850 K,
respectively, for CoFeTiGe (CoFeCrGe). The phonon optical modes have a major contribution to
the total κL as compared to the acoustic modes. The calculated thermoelectric properties exhibit
high figure of merit of 0.57 and 0.64 for n-type CoFeTiGe and CoFeCrGe, respectively, at 850
K.
The Y-type-I is found to be the most stable structure for CoFeCuZ (Z = Al, Si, Ga, As,
In, Sn, Sb, Pb) quaternary Heusler compound. The minority band structure of CoFeCuZ (Z = Si,
Ga, In, Sn, Sb) exhibits a nearly half-metallic behavior, while CoFeCuPb is half-metallic with a
band gap of 0.303 eV and total magnetic moment of 4.0μB. The band gap value of the minority
spin band structure of CoFeCuPb is non-zero under pressure in the range -12.57 GPa to 8.46
GPa, which result in a full electron spin polarization at the Fermi level. This behavior is a
promising material for spintronic applications. The n-type and p-type structures show high
Seebeck coefficient values of -162.08 μVK-1 and 103.18 μVK-1, respectively, at a temperature of
300 K and 0 GPa pressure. These values yield power factors of 69.58×1014 μWcm-1 K-2 s-1 and
46.28×1014 μWcm-1 K-2 s-1 for the n-type and p-type, respectively. By increasing the temperature
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to 800 K, these PF values increase to 159.50×1014 μWcm-1 K-2 s-1 and 118.70×1014 μWcm-1 K-2
s-1. The maximum PF values of the n-type and p-type at 800 K and 8.46 GPa are 167.19×1014
μWcm-1 K-2 s-1 and 130.59×1014 μWcm-1 K-2 s-1, respectively.
The crystal structure of the doped β-InSe with different Bi concentration are
mechanically and thermodynamically stable. The Seebeck coefficient decreases by doping,
whereas, the power factor increases due to the increase in electrical conductivity. The lattice
thermal conductivity is found to decrease by doping from 1.40 Wm-1K-1 for β-InSe to 0.7 Wm-1
K-1 for β-InSe0.75Bi0.25 at room temperature.
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Appendix A: Description of Research for Popular Publication
Modern technologies are relying on electricity to offer a convenient life. The main
electricity resources are fossil fuels and nuclear power plants. However, the gas resulting from
combustion of fossil fuels increases pollution and global warming. In addition, it is well known
that nuclear power plants have many disadvantages for the environment and human health where
it produces radiation and water pollution. Therefore, the demand on energy resources is increased
and has motivated scientists to search for new sources of energy. Among the renewable and
environmentally friendly sources are the thermoelectric generators. These devices can convert heat
to electricity without producing gas emissions. They are also solid-state devices, which means
there are no liquids or moving parts so they are silent. The thermoelectric generator consists of
two different types of semiconductors that are connected thermally in parallel and electrically in
series. All the materials in nature are thermoelectric materials; however, their thermoelectric
efficiency to convert heat to electricity is different. Therefore, it is crucial to identify the materials
that have high thermoelectric efficiency.
In this work, simulation codes were used to find good materials to convert heat to
electricity, which makes it possible to choose materials before working on the long and expensive
procedure in the laboratory. The materials studied are named Heusler compounds that have novel
properties such as high thermoelectric efficiency and half-metallic behavior that could speed
computer processors. Half-metallic means that the material can work as a filter of the electrons
where it only permits one kind of electrons (spin-up or spin-down) to pass. Two groups of Heusler
compounds were studied. Each Heusler compound consists of four different atoms of are cobalt,
iron, germanium, and chromium or titanium, namely CoFeCrGe and CoFeTiGe. From the obtained
results, the temperature at which these materials have highest thermoelectric efficiency and what
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can be done to improve this efficiency such as preparing nanostructure grains were determined. In
addition, the results showed that these materials are half-metallic in nature. The other group of
Heusler compounds are CoFeCuZ where Cu is a copper atom and Z refers to different atoms such
as Al, Si, Ga, As, In, Sn, Sb, and Pb. It was found that only CoFeCuPb is half-metallic and the
others are either metallic or nearly half-metallic. Focus was on the half-metallic compound. The
results showed that CoFeCuPb has high thermoelectric efficiency, which is greater than the wellknown thermoelectric material named PbTe. In addition, the effect of pressure on this material was
studied and how it could change the thermoelectric efficiency. The results showed that this material
retains its thermoelectric efficiency under certain compression.
Finally, a different material that belong to chalcogenides, namely indium selenide was
studied. Several studies were devoted to improve the thermoelectric efficiency of this material by
doping or substituting indium or selenide with a different elements. The effect of doping indium
selenide with several different atoms such as Al, Si, S, As, Sn, Sb, Te, Pb, and Bi were investigated.
It was found that the substitution with Bi could increase the thermoelectric efficiency of the
material. Therefore, Bi concentration was increased in the alloy, which showed an enhancement
in the thermoelectric efficiency.
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Appendix B: Executive summary of newly created intellectual property
The newly created intellectual property should be considered which created in this
research work:
1. Thermoelectric properties of CoFeCrGe, CoFeTiGe, and CoFeCuPb quaternary Heusler
compounds.
2. Doping β-InSe with Bi atom and its thermoelectric properties.
3. Several Python codes and bash scripts for preprocessing and postprocessing data for Vasp
code and BoltzTrap code.
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Appendix C: Potential patent and commercialization aspects of listed intellectual property
items
C.1 Patentability of intellectual property (Could Each item be patented)
1. Thermoelectric properties of CoFeCrGe, CoFeTiGe, CoFeCuPb, and doped β-InSe cannot be
patented since it is the behavior of materials.
2. The codes for preprocessing and postprocessing data are not patentable because they are
similar to other codes available online.
C.2 Commercialization prospects (should each item be patented)
1. Thermoelectric properties of CoFeCrGe, CoFeTiGe, CoFeCuPb, and doped β-InSe could not
be patented as a commercialized product.
2. The codes for preprocessing and postprocessing data could not be patented as a
commercialized product.
C.3 Possible prior disclosure of IP
1. The results of the work have been published in journals (see Appendix G).
2. The codes are available from the author for anyone interested.
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Appendix D: Broader impact of research
D.1 Applicability of research methods to other problems
The results obtained in this work showed that CoFeCrGe, CoFeTiGe, and CoFeCuPb
quaternary Heusler compounds and doped β-InSe can be used as a thermoelectric generator to
convert heat to electricity or for refrigeration. Thermoelectric devices made from these
quaternary Heusler compounds can produce electricity with only one spin type (spin-up or spindown). It also could be used in spintronic devices, spin injectors, spin-valve devices, and
magnetic tunnel junctions.
D.2 Impact of research results on U.S. and global society
The proposed research may be expected to have a major impact on society by
contributing to achieving high efficiency and cheap materials that convert direct heat to electric
power. This green energy that recycles the wasted heat will reduce our reliance on sources of oil.
Also, the results will further the knowledge that will enable the design and development of a new
generation of compounds that have high efficiency of converting heat to electric power. There
are several applications for thermoelectric such as microprocessor cooling, electronics package
cooling, infrared detectors, thermal viewers, weapons sights, wet process temperature controller,
and many others.
D.3 Impact of research results on the environment
The environment is affected by using fossil fuels as a source of energy where the gas
resulting from the combustion of fossil fuels increases pollution and global warming. This
research provides materials that can be used in the thermoelectric generators to convert wasted
heat to electricity. These devices are environment-friendly since they do not produce gas
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emissions or toxic liquids. This green energy will reduce our dependence on sources of oil and,
thus, will reduce global warming.
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Appendix E: Microsoft Project for PhD Micro-EP degree plan
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Appendix F: Identification of all software used in research and dissertation generation
Computer #1:
Model Number: OPTIPLEX 990
Serial Number: 7039481
Location: ELEG 2285
Owner: Prof. Omar Manasreh
Software #1:
Name: Ubuntu 16.04 LTS
Free license: downloaded by Raad Haleoot
Software #2:
Name: FileZilla
Free license: downloaded by Raad Haleoot
Software #3:
Name: XMGRACE
Free license: downloaded by Raad Haleoot
Software #4:
Name: Python 3.7.1
Free license: downloaded by Raad Haleoot

Computer #2: Personal laptop
Model Number: Dell Inspiron 5520
Serial Number: 95N6JA01
Owner: Raad Haleoot
Software #1:
Name: Microsoft Office 365 ProPlus
Purchased by: University of Arkansas
Software #2:
Name: FileZilla
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Free license: downloaded by Raad Haleoot
Software #3:
Name: XMGRACE
Free license: downloaded by Raad Haleoot
Software #4:
Name: Python 3.7.1
Free license: downloaded by Raad Haleoot
Software #5:
Name: VESTA
Free license: downloaded by Raad Haleoot
Software #6:
Name: Zotero 5.0.77
Free license: downloaded by Raad Haleoot

Computer #3:
Model Number: N/A
Serial Number: N/A
Location: Physics library
Owner: University of Arkansas
Software #1:
Name: Adobe Illustrator
Purchased by: University of Arkansas
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